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The Chemistry of Trifluoromethyl Indenes and 

Trifluoromethyl Indenyl Complexes 

Abstract 
A comparative study of the reactivity of I-and 2-trifluoromethylindenides towards 
a number of metal and non-metal electrophiles revealed distinct differences in their 
stabilities. The instability of the I-trifluoromethylindenide resulted in fluoride elimination 
leading to a proposed highly reactive difluorofulvene intermediate. In contrast, the 2­
trifluoromethylindenide was found to be relatively stable under analogous conditions. 
The rhodium and iridium complexes containing these electron deficient indenyl 
ligands were proven to be very effective catalysts for the hydroboration of homoallylic 
benzyloxycyclohexene. This hydroboration reaction proceeds through a directed 
mechanism resulting in high regio and stereo selectivity. The indenyl ligand plays an 
important role in affecting this directed reaction by its ability to undergo ring slippage 
from YJ5 to YJ3-complexation providing the required unsaturation at the metal center. 
Clearly demonstrated was the marked improvement in selectivity when the indenylligand 
was substituted with electron-withdrawing trifluoromethyl groups. With these new 
catalysts, addition of catecholborane to 3-benzyloxycyclohexene provided the 1,3-cis 
isomer almost exclusively. Selectivities as high as 98% were realized. This methodology 
was extended to other cyclic and non-cyclic substrates to expand the scope of this highly 
selective reaction. The effect of several factors including solvent, borane reagent and 
directing groups on yield and selectivity were explored. The results of these hydroboration 
experiments and a comparative study of the reactivity of the 1- and 2­
trifluoromethylindenides are the subject of this thesis. 
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Preface 
The use of transition metal catalysis in organic chemical transformations has and 
continues to playa major role in the synthesis of organic compounds. Catalysts offer great 
promise for efficient, economical and environmentally sound organic synthesis. However, 
like biological enzymes, most organometallic catalysts are specific to a particular 
transformation. Therefore, designing new catalysts and finding applications for their use 
continues to be the focus of many research groups. 
The preparation and study of catalysts containing electron deficient indenylligands 
has challenged many graduate students in Dr. Sowa's laboratory at Seton Hall University. 
With his continued encouragement and superior guidance to overcome many challenges, 
tremendous progress has been made towards the synthesis of trifluoromethyl indenyl 
metal complexes. The catalytic efficiency of these complexes has also been demonstrated 
in a highly stereocontrolled hydroboration reaction. My contributions towards this 
endeavor are the subject of this dissertation. 
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Bn 
COD 
Cp 
Cp* 
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Cy 
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HBcat 
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LUMO 
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Py 
RT 
THF 
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Table ofAbbreviations 

2,2'-bis( diphenylphosphino )-1,1' -binaphthyl 
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norbomadiene 
pyridine 
room temperature 
tetrahydrofuran 
N,N,N' ,N'-T etramethylethylenediamine 
9 

Introduction 

Controlling the stereoselectivity in an organic reaction has and continues to 
challenge many researchers. Numerous transition metal catalyzed directed reactions have 
been discovered and successfully used to meet some of these challenges. These substrate­
directed reactions offer a useful process for controlling stereo and regioselectivity and 
have shown great synthetic value in a number of total synthesis. l 
In a catalyzed directed reaction the substrate is equipped with a functional group 
close to the reaction center that is able to precoordinate the catalyst and the reagent. Once 
this stable intermediate forms the reagent is then delivered intramolecularly to the 
reaction site in a highly selective manner providing predominantly the syn addition 
product. The stereochemical outcome of an addition reaction is usually controlled by 
steric factors leading to preferential attack of the reagent onto the more accessible face of 
a prostereogenic center. Attack on the opposite face is therefore repulsive in nature. 
However in a directed reaction the directing group is polar allowing precoordination 
interactions that are attractive rather than repulsive. This provides a stereochemical 
outcome that is opposite to that predicted if only steric effects were considered. The 
precoordination of the substrate-directing group, the metal catalyst and the reagent 
(Scheme 1) proceeds through a highly ordered transition state. 
Directed cyclopropanation reactions 
The earliest reported example of a directed reaction was in 1958 when Simmons 
and Smith2 disclosed their findings on a stereoselective cyclopropanation process. In this 
process a hydroxyl-directing group participated in delivering the reagent (CICH2ZnCI) to 
10 

the more sterically congested olefin diastereoface in a syn fashion (eq 1). This was an 
important discovery because it offered an opportunity to overcome steric factors in 
stereoselective bond formation. The work of Simmons and Smith was further studied and 
Scheme I. Schematic showing the precoordination and 
reagent transfer in a directed reaction. 
0reagent:t--M 
,..---'-----, 
expanded upon by other groups. Winstein and co-workers3 confirmed earlier finding by 
extensively exploring the cyclopropanation reaction in a number of cyclic allylic systems. 
Zn - eu 
(eq 1) 
They found that the neighboring hydroxyl group enhances the rate of addition and that this 
reaction does indeed proceed with high stereoselectivity to give predominantly the syn 
product (Table 1). 
Extension of the Simmons - Smith reaction to acyclic allylic alcohols was also 
explored. The researchers found that if the starting substrates were cis-disubstituted then 
11 

Table 1. Stereoselective Cyclopropanation of Cyclic Allylic Alcohols. 
Substrate Maj or Product Selectivity 
6 
i 
OH OH 
I 
>99: 16> 

H, 
0 a 9: 1 Ho Ha 
 >99: 1 
the addition reaction proceeded with high stereoselectivity (eq 2). However, the related 
trans isomer showed only modest levels of stereocontrol (eq 3).4 
~?H (eq 2) 
Zn(Cu) "'-V'Me 
Diastereoselection >99:1 
OH 
(eq 3) Me~Me Zn(Cu) 
No Diastereoselection 
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These non-catalytic cyclopropanation reactions are thought to proceed through 
either a dative complex between the oxygen of the hydroxyl group and the Zn reagent or 
through an intermediate covalent zinc alkoxide intermediate (Scheme 2). Although several 
experiments have been done exploring homoallylic and allylic cyclic substrates containing 
hydroxyl and ether directing groups, no conclusive evidence has ruled out either 
mechanism. 
Scheme 2. Proposed mechanisms of cyclopropanation reaction. 
.. 
J: 
IZ;t 

1 

covalent 
IZ~R 
t( H 
1 

~ 

dative 
Directed Epoxidation Reactions 
In 1959, Henbest and Wilson5 reported the directed epoxidation of allylic hydroxy 
olefins. In this study, the syn epoxy alcohol was predominantly formed by epoxidation of 
2-cyclohexen-1-01 (eq 4). However, if the hydroxyl group was derivatized to form the 
acetate or methyl ether, the anti isomer was isolated as the major product (eq 5). The 
transition state proposed to rationalize this stereochemical outcome involves a hydrogen 
13 

bond interaction between the hydroxyl group hydrogen and one of the oxygens of the 
peracid. 
m-CPBA (eq 4) 
.... 
diastereoselectivity 10: 1 
(eq 5)m-CPBA
.. 
diastereoselectivity 4: 1 
One year after Henbest and Wilson's report, when interest in catalytic epoxidation 
noticeably increased, the discovery of vanadium catalyzed directed epoxidation of allylic 
alcohols was revealed.6 The reagent and catalyst of choice were tert-butyl hydroperoxide 
(TBHP) and VO(acach, respectively. Sharpless found that allylic, homoallylic, and bis­
homoallylic alcohols were selectively epoxidized and were also significantly more 
reactive towards epoxidation by TBHPNO(acac)2 than analogues lacking a hydroxyl 
group.7 The results obtained from the epoxidation of geraniol (eq 6) and linalool (eq 7) 
illustrates how the hydroxyl group participates by delivering the oxidant regioselectively 
to the less electron-rich alkene of the diene. 
Sharpless clearly demonstrated that directed epoxidation of cyclohexenols occurs 
syn to the hydroxyl group. Other groups also examined the efficiency of this catalytic 
system by studying the effect of ring size.8,9 The data presented in Table 2 shows the 
14 

VO(acach
.. 
 (eq 6) I H TBHP 0 H£LaH3C H3 80 0 e H3C H3 
Regioselection 49:1 
H3C OH H3C OH 
VO(acach
.. 
 (eq 7) TBHP 

H3C 80 0 e
z'\ H3C~ 
Regioselection 20:1 
superior catalytic properties ofVO(acach in contrast to m-CPBA and Mo02(acach. In 
the absence of a catalyst, m-CPBA could effectively epoxidize five, six and seven-
Table 2. Percent syn isomer in the epoxidation of cyclic allylic alcohols. 
i Ring Size VO(acach (%) Mo02( acac h (%) m-CPBA (%) 
5 99.2 - 84 
I 
6 99.7 98 95 
I 
7 99.6 95 61 
• 
I 8 97 42 0.2 
I 
9 91 3 0.2 
I 
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membered rings with high selectivity. With the addition of Mo02(acach selective 
epoxidation with TBHP was limited to only six and seven-membered rings. However, the 
VO(acach-catalyzed reactions displayed a preference for the syn product for all ring sizes 
from five to nine. 
Results of the epoxidation of 5-tert-butyl-2-cyc1ohexenol showed that the 
pseudoaxial alcohol (eq 7) undergoes epoxidation 34 times faster than the 
pseudoequatorial diastereomer (eq 8). These results suggest that a preferred geometry is 
required for the hydroxyl directed epoxidation reaction. 
tBu 
VO(acach 
... ."(}.~"\\,,O (eq 7) 
HO~'"H~BU 
TBHP 
H 92% 
(syn: anti = >99: 1) 
tBuHOry

H tBu 
VO(acach 
)II 
TBHP HoDa (eq 8) 
9% 
(syn: anti = >99 : I) 
The selectivity of directed epoxidations using a number of other metal catalysts 
has been sparsely explored. Niobium, zirconium, tantalum, hafnium, titanium, and a 
number of lanthanide alkoxides were explored to effect regioselective epoxidation with 
TBHP. However, the full scope and utility of these catalysts for the epoxidation of allylic 
16 

and homoallylic alcohols has not been fully investigated. The complex Ti(Oi-Pr)4 was the 
only epoxidation catalyst that has found use in the synthesis of complex molecules. 
Directed Homogeneous Hydrogenation Reactions 
Since the introduction of the first homogeneous hydrogenation catalysts by 
Halpern lO in 1961, significant advances have been made in this area. Wilkinson and co­
workers were the major contributors to this highly selective process. I I A number of 
effective rhodium and ruthenium catalysts were developed, most notably complexes such 
as RhCI(PPh3)3 (Wilkinson's catalysts), and shown to effect directed hydrogenation 
reactions with site and diastereoselectivity.12 The success of this reaction relies on the 
ability of the transition metal catalyst to lose ligands thereby opening coordination sites 
required to bind the H2, the alkene and the directing group. The active 14-electron species 
(RhCI(PPh3h) of Wilkinson's catalyst cannot accommodate the three groups. This would 
lead to an unstable 20-electron intermediate complex. Since hydroxyl groups or other 
polar heteroatom directing groups are not capable of displacing a ligand from the catalyst, 
a 12-electron coordinatively unsaturated complex is required to effect a directed reaction. 
Chiral cationic rhodium catalysts, (e.g., [Rh(nbd)(S,S-chiraphos)]BF4 and Ru(S­
binap)(OCOCH3h) provided this level of un saturation and have been used successfully to 
hydrogenate a variety of allylic and homoallylic alcohols with high enantioface 
differentiation (-98 %).13 Other catalysts that have been used quite successfully to effect 
14diastereoselective in directed hydrogenation processes are (Ir(cod)py(PCY3)]PF6 and 
[Rh(nbd)(diphos-4)]BF4.1 5 In the presence of H2, the cyclooctadiene (cod) and 
norbornadiene (nbd) are reduced exposing the 12-electron "IrRt" and "RhLt" systems. 
17 

The heteroatom directing group and the neighboring alkene can now readily bind to the 
coordinatively unsaturated metal. This mechanism is illustrated in the catalytic cycle 
shown in Scheme 3. The intermediate iridium dihydride species has been detected 
spectroscopically. 
Crabtree and Stork have successfully demonstrated the directed hydrogenation of 
a number of cyclic olefinic alcohols using the (Ir(cod)py(PCY3)]PF6 catalyst (Table 3). 
Allylic and homoallylic cyclic olefins were hydrogenated with high stereoselectivity. 
Scheme 3. Catalytic cycle for directed hydrogenation reaction. 
Ln..... + ....""'S 
~ M''S bH 

reductive 
4 'd'elimination H2 	 ! OXl ahve 
1 addition 1 
+ 

................... 

migratory 
insertion 
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The substrates in entries 1,2 and 4 were hydrogenated in the presence of20 mole % of 
the catalyst. In all the examples listed in Table 3, the major product corresponds to the 
Table 3. Hydrogenation of cyclic alkenols with (Ir(cod)py(PcY3)]PF6 
Entry Substratea Major Productb R Selectivity 
1 ~~ QH CH3 H CH3 ! >99: 1 33 : 1 
2 6:H OH20H ~.... '·....'CH 3H3 I 0H 
H 
CH3 
6: 1 
9: 1 
3 
~OH c5 > 99: 1 
! 
CH3 
4 ~H3 O~""'CH3 H CH3 74: 1 > 100: 1 
5 O:Hl O:H3 > 99: 1 
6 
! 0:3 C02CH3 6'cH3H3 ! > 99: 1 
a • b·All substrates are racemIC. Products were obtamed as racemIC mIxtures 
of which only one enantiomer is shown. 
I 
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addition of hydrogen syn to the hydroxyl group. As indicated in entry 2, a pnmary 
hydroxy directing group undergoes hydrogenation at lower levels of stereocontrol. 
However, from the results shown in entry 3 (this compound was hydrogenated in the 
presence of the 2% of catalyst), it appears that the levels of diastereoselection are catalyst 
concentration dependent. A number of studies showed that higher levels of the iridium 
catalyst results in significantly lower levels of stereo induction. 16 
Other directing groups, such as ethers, carboxylic esters and amides, also bind 
effectively to the cationic rhodium and iridium catalysts to direct the addition of H2. The 
catalytic efficiency of esters and ketone directing groups are illustrated in entries 5 and 6 
in Table 3. 
As in the directed epoxidation of homoallylic substrates, a preferred geometry is 
also suspected in the directed hydrogenation reaction. From the results it seemed 
reasonable that the internal alkene is only within reach when the hydroxy-metal complex 
assumes the pseudoaxial orientation as shown. 
With acyclic olefins a number of factors influence the stereoselective outcome of 
the reduction. Some of these include the type and concentration of catalysts used, the 
amount of olefin isomerization that occurs during the reaction and the hydrogenation 
pressure used. Studies with D2 showed that at low pressures, olefin isomerization is more 
prevalent leading to lower stereo selectivities. 17 In general, for allylic and homoallylic 
20 

substrates, the diastereoselectivity depends on the number of substitutions on the olefin 
(Table 4). The observed diastereoselectivities were rationalized by conformational 
analysis. 
Methyl esters and amides were shown to effectively direct catalyzed 
hydrogenation reactions with high selectivity (entry 5, Table 4). 
Table 4. Hydrogenation of acyclic allylic and homoallylic alcohols with 
[Rh(nbd)(diphos-4)]BF4. 
Entry Substratea 
1 
2 
3 
4 
5 
II 9H 
Ph~ 
OHRrr 
Major Producta 
~ OH 
Ph~ 
Selectivity 
99: 1 
32: 1 
7: 1 
16 : 1 
200: 1 
a Entry 4 is enantiomericaUy pure. AU other entries are racemic. 
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Other directed reductions 
Directed reductions are not limited to hydrogenations of substituted olefins. A 
number of groups have demonstrated how ketones and oximes can be selectively reduced 
in the presence of metal hydride reagents. For example, ketones, ~-keto esters and 
simple ~-diketones bearing hydroxyl groups that are suitably positioned for interaction 
were selectively reduced with NaBH(OAc)3. 18 In the reduction of ~-hydroxy ketones, a 
proposed mechanism leading to the observed diastereoselectivity considers a chairlike 
transition state that allows intramolecular delivery of the hydride in Me4NBH(OAc)319 
generating preferentially the anti-I,3-diol (eq 9). In these reactions the use of unprotected 
a:H OAc H ~- OH OH (eq 9)RI7t!~I' "oAc .. RJ~R2
"'H 
2 
Internal Hydride Delivery 
alcohols is essential. Subsequently, a number of reports have appeared using similar 
rationalizations to describe stereoselective directed reductions involving other 
borohydrides such as zinc, lithium or sodium borohydrides?O Aluminum hydrides were 
also shown to participate in directing reduction processes.21 For example, reduction of the 
homoallylic alcohol shown in eq 10 proceeds with high diastereoselectivity (100 : 0) 
when R is hydrogen but diminishes considerably when the hydroxyl group is protected.22 
22 

0 
° 
;} NaBH,. (eq 10)BnOA!i Bn~ OR F3 OR CF3 
R = H, Diastereoselection 100 : 0 
R = MOM, Diastereoselection 1.6 : I 
Directed hydroboration reactions 
The directed hydroboration of alkenes have been the subject of many reports.23 
Evans and FU24 demonstrated how directing groups can be used to effect stereoselective 
addition of catecholborane to an alkene in the presence of stoichiometric amounts of metal 
complexes such as Wilkinson's reagent. The mechanism suggested for these reactions 
involved pre-association of the Lewis basic directing groups with the transition metal. 
Solvent effects provided evidence of this intermediate complex. A more detailed 
discussion ofthe contributions of Evans, Fu and co-workers is presented in Chapter 2. 
More recent reports illustrated how ether-directed transition metal catalyzed 
hydroboration reactions could be performed in a catalytic manner using indenyl rhodium 
and iridium metal complexes.zs Hydroboration of homoallylic benzyloxycyloalkenes 
under these conditions proceeded with high regio- and stereoselectivities (eq 11). 
cS l-CF3IndMCOD HBcat; CH2C12 (eq 11).. 
M = Rh 81 % selectivity 

M = Ir 96 % selectivity 
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Other directed reactions 
Regioselectivity ill organocopper additions, hydrosilylations26 and 
hydrostannylations27 have also been demonstrated. Although BU3SnH addition to alkynes 
typically affords a mixture of isomers, addition to propargylic alcohols, acetates, and 
ethers provides predominantly the regioisomer containing the tributyltin at the carbon 
proximal to the oxygen. The mechanism proposed for this reaction involves the 
coordination of the tin radical prior to its addition to the alkene. 
Other directed reactions that will not be discussed ill great detail include 
aziridinations,28 cleavage of epoxides,29 diimide reductions/o cycloadditions,31 
hydrocarbonylations32 and osmium-mediated oxidations.33 These examples and those 
presented above clearly illustrate the range of organic reactions that can be carried out 
using this methodology. 
24 

Chapter 1 

A COMPARATIVE STUDY OF THE REACTIVITY OF 1- AND 2­
TRIFLUOROMETHYLINDENIDES. 

25 

Introduction 

Indenyl ligands are a major class of ligands in the field of organometallic 
chemisty. The catalytic efficiency of many transition metal complexes containing these 
ligands has been demonstrated. For example, in 1980 Kaminsky et al. 34 reported that when 
activated by methylaluminoxane, Group IV bridged indenyl metal complexes were 
efficient catalysts for a-olefin polymerization, a process used in the manufacture of 
plastics, detergents and lubricants. 
A number of studies followed demonstrating the effectiveness of titanium or 
zirconium complexes containing substituted indenyl ligands on the polymerization of a­
olefins.35 Particularly emphasized was the steric or electron effects imparted by the 
substituents causing either enhanced selectivity or deactivated catalytic activity of the 
Group IV complexes containing these ligands. While complexes containing electron-rich 
ligands have been extensively studied, Group IV transition metals containing indenyl 
groups bearing strong electron-withdrawing substituents remain relatively unexplored. 
The synthesis of 1- and 2-trifluoromethylindenyl titanium or zirconium complexes would 
therefore be of considerable interest. 
26 
Background 
The conjugate base of 1- and 2- trifluoromethylindene adds readily to rhodium 
or iridium cyc100ctadiene chloride dimer to provide the transition metal complexes36,37 J 
and 1 as shown (Figure 1.1). However, attempts made to form the Group IV metal 
complexes with these electron-deficient ligands, using analogous procedures, was 
unsuccessful. A competing reaction resulting in fluoride elimination to give the 
difluorofulvene was suspected. 
Figure 1.1. 1-Trifluoromethylindenylmetal complexes. 
.. 
1 a l-CF3Indene 
1b 2-CF3Indene 
OfF, 

2 

indenide 

JTiCl4r 

O:ffF3 

~I~
oa F3 

~ 
not observed 
[M(COO)Clh
.. 
3a, l-CF3IndRhCOD 
3b,2-CF3IndRhCOD 
l-CF31ndlrCOD 
4b, 2-CF 31ndlrCOD 
Olsson and Wennerstrom38 observed fluoride elimination in comparable systems 
such as the trifluoromethy1cyc1opentadiene 9.. As illustrated (eq 1.1), their findings 
27 

demonstrated the instability of the trifluoromethylcyclopentadienide Z. Once formed, a 
fluoride ion is rapidly eliminated to form the difluorofulvene intermediate ~. This 
intermediate was found to be extremely reactive to nucleophiles, so in the presence of high 
concentrations of piperdine, 6,6-dipiperidinofulvene formed. The difluorofulvene ~ 
intermediate was never detected. 
o 
H,.. 
-F (eq 1.1) 
Preparation of complexes containing the trifluoromethylclopentadienyl ligand was 
ultimately achieved, however, by the formation of the more stable thallium 
trifluoromethylcyclopentadienide salt. 39 
The trifluoromethyl group III Cp* (2,3,4,5-tetramethyl-l-trifluoromethyl­
cyclopentadiene) also contributes to its destabilization. Compared to the conjugate base of 
Cp (cyclopentadiene) and Cp* (pentamethylcyclopentadiene) which are infinitely stable at 
room temperature under air-free conditions, the Cp* anion, once formed, was found to be 
inherently stable only in the gas-phase.4o 
Since electrophilic reagents can successfully cleave silicon-carbon bonds,41 
trimethylsilyl group displacement with titanium or zirconium chloride reagents is an 
alternative approach to the formation of Group IV metal complexes. Paquette and Sivik42 
used this method to direct the stereoselective addition of titanium metal to the more 
sterically congested 1C surface of a chiral annulated cyclopentadienide 10, (eq 1.2). 
28 

(eq 1.2) 
Exposure of compound ll, formed by the addition of chlorotrimethylsilane to a cold (-78 
DC) solution of the indenide 10 in THF, to titanium tetrachloride provided the desired 
diastereomer 12.. 
Boudjouk and Woel43 also exemplified the electrophilic displacement of TMS. 
They successfully used this approach to form I-bromoindene in high yields (eq 1.3). 
THF (eq 1.3)~ 
Br 
Treatment of 1-(trimethylsilyl)indene with 10% excess dioxane dibromide in THF at 
-78°C, gave 12. in 66% yield. 
29 

Results and Discussion 
Electrophilic Quenching Experiments 
The 1- and 2-trifluoromethylindenes .ill and Th (Figure 1) were prepared using 
procedures previously disclosed by Gassman and coworkers.44 As shown (eq 1.4), 
Grignard addition of phenyl magnesium bromide to trifluoromethylacetophenone .l§ 
followed by an electrocyclic ring closure of the intermediate lZ provides, after distillation, 
the I-trifluoromethylindene 1 a as a colorless liquid. 
0 
~FJ MgBr1) / .. 
2) H3O+ 
~FJ ~ I I 
::::::.... 
CH3S03H 
45°C 
CF3 ~oO (eq 1.4) 
.l§ 17 la 
As shown in eq 1.5, the 2-trifluoromethylindene 1 b (Figure 1.1) was prepared by 
photochemical addition of trifluoromethyliodide to indene ll. in pyridine. 
+ 
hv 
pyridine OO-CF3 (eq 1.5) 
Th 
Electrophilic quenching experiments of the 1- and 2-trifluoromethylindenides with 
organic and organometallic electrophiles showed some unexpected results. The results of 
these experiments are summarized in Figures 1.2 and 1.4. Distinct differences were 
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observed between the stability of the base induced indenides 2a and 2b (Figure 1.2 and 
1.4) and in their reactivity towards different electrophiles. 
Figure 1.2. Electrophilic quenching experiments of l-trifluoromethylindenide. 
CO 
CF3 
CF3 	 ~ ~ 	 ~n-BULi/THF BU F ~ ~ 
	 orKH/Et20 1.0 ~ +cJLRh" [Rh(COD)Cl]2 CF Bu~ 
<YY---------~ 	 19 3 /' 
3a 	 ~ ~r(COD)Cl]2
- y	 CF3H3I 2a Indenide ~ 
CF3 0Qf ~ ~ H 	 lre~~~~C~i~ent ~ I// 	 contaminated /1r" 

with EtOH) L " 

=-­~ 2la 3 <YYC02Et 
not observed 	 ~ 
OJ 4a 

Once deprotonated with potassium hydride at -30°C, the indenide amon 
successfully adds to rhodium or iridiumcyclooctadiene chloride dimer to provide the 
desired metal complexes 3a and 4a (Figure 1.2) in 48% yield. Recrystallization from cold 
(-78°C) hexane affords the iridium complex as a yellow crystalline solid. The rhodium 
complex is isolated as an orange solid. Maintaining the reaction temperature at or slightly 
below -30°C and rapid quenching of the indenide anion with the metal electrophiles was 
essential to avoid decomposition (indicated by the appearance of a dark color). 
31 

Attempts were made to form the titanocene complex 2 by TMS displacement (eq 
1.6). Reacting the I-trifluoromethylindenide with trimethylsilyl bromide or chloride failed 
(eq 1.6) 
23 
to give expected 1,3-disubstituted indene, 23 (eq 1.6). Surprisingly, in one experiment, the 
product isolated instead was identified as the ethyl ester substituted indene (Figure 1.2). 
This product resulted from EtOH contamination of the ether solvent, vide infra. In 
another experiment, formation of the I-trifluoromethylindenide using n-butyllithium 
followed by the addition of iodomethane gave products l2. and 20 (Figure 1.2) instead of 
the expected I-trifluoromethyl-3-methylindene 21a (Figure 1.2). The unanticipated 
products in both experiments described above could be explained by considering a 
competing reaction that results in fluoride elimination to give the difluorofulvene 
intermediate (eq 1.7) rather than the desired 1,3-disubstituted indene 24. 
-F (eq 1.7) 
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The fonnation of the difluorofulvene intermediate 25 can be envisioned as 
proceeding through an E I cB reaction pathway. Because of its strong electron-withdrawing 
ability, the trifluoromethyl group increases the acidity of the allylic hydrogen thereby 
accelerating the removal of the proton with a base and further stabilizing the carbanion 
intermediate. Once the carbanion fonns, however, a fluoride ion is quickly eliminated 
through charge delocalization forming the difluorofulvene intennediate. 
This highly reactive (unstable) difluorofulvene intennediate can be readily trapped 
by a nucleophile present giving rise to the products observed. The nucleophilic addition to 
the vinylic carbon presumably adds through a tetrahedral or addition-elimination (AdwE) 
mechanism (as opposed to an SN I or SN2 mechanism). In a tetrahedral or AdwE 
mechanism the reaction rate increases when the leaving group changes from bromine to 
chlorine to fluorine (element ejJect/5 indicating that the carbon-halogen bond does not 
break in the rate-determining step. The superior electron-withdrawing character of the 
fluorine makes the carbon of the C-F bond more positive and hence more susceptible to 
nucleophilic attack. A proposed mechanism leading to product 22 (Figure 1.2) is 
illustrated in Figure 1.3. The difluorofulvene intermediate rapidly forms under basic 
conditions, even at low temperatures (-78°C to -30°C). This reactive intermediate is 
susceptible to nucleophilic attack by the ethanol present to form a ketene acetal. Once 
quenched in an aqueous work-up procedure the acetal is hydrolyzed to the ethyl ester 22. 
----
---
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Figure 1.3. Proposed Mechanism - Formation of 3H-Indene-l-carboxylic acid ethyl ester. 
OEecdF3 -F ~ h EtOH--- [ FeriF ]B­ e~ II ~ ---- oJ1-E~HF 
(difluorofulvene) ketene acetal la 2a 
- H20 1~ H2O 
<±) 
OH2 
H<±)~Et EtI ~ ~ -EtOH I ~ ~ h ... 
hor Et 
-IfB 822 
(aqueous work-up) 3H-Indene-l-carboxylic 

acid ethyl ester 

Formation of compounds 19 and 20 (Figure 1.1) can be rationalized in a similar 
manner (eq 1.8). Treatment of l-CF3indene with two equivalents of n-BuLi at -78°C in 
the presence of TMEDA followed by addition of trimethylsilyl chloride afforded only 
compounds 19 and 20. 
(eq 1.8) 
indenide difluorofulvene 
In contrast, the apparent instability of the I-trifluoromethylindenide 2a leading to 
the favored difluorofulvene intermediate IS not characteristic of the 2­
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trifluoromethylindenide 2b (Figure 1.4). In addition to rhodium and iridium complexes 3b 
and 4b (Figure 1.4)/7 preliminary experiments show that methyl iodide and 
trimethylsilylbromide can also be successfully added to the 2-trifluoromethylindenide. 
Figure 1.4. Electrophilic quenching experiments of 2-trifluoromethyindenide. 
~F3 
lb 
~ ~ Q F3 
Ir", ~ 
4b 
!n-BULi/THF orKHITHF 
~ [Ir(COD)Clh~CF3 ---....... 
2b 
Indenide 
without loss of a fluoride ion resulting in the formation of 3-methyl-2­
trifluoromethylindene 21b and 3-trimethylsilyl-2-trifluoromethylindene 26 (Figure 1.4). 
To rationally explain the observed difference in reactivity between the 1- and 2­
trifluoromethylindenides and the unexpected behavior of the I-trifluoromethylindenide, an 
understanding of the n-orbitals (Figure 1.5) and the principles of hard and soft 
nucleophiles and electrophiles (Figure 1.6) should be considered. Analogous to an allyl 
anion, delocalization through resonance increases the electron density at C-I and C-3. For 
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the I-trifluoromethylindene, the trifluoromethyl group not only stabilizes the amon 
through hyperconjugation but because of its strong electron-withdrawing ability it also 
strongly polarizes the electron density towards C-3. Seyferth and co-workers46 argued that 
Figure 1.5. Molecular orbitals of I-and 2-trifluormethylindenides 
~FJ 
.p' I ~2 vs ~FJ 
~ 
1­
LUMO 
\113 ~FJ ~ 
HOMO~FJ JL H\112 
~FJ JL ~ 
\111 
lithium would preferentially engage the position where the charge density would be 
presumably larger, thus preventing the electrophile from attacking this position. In the 
case of the I-trifluoromethylindenide the contact ion-pair 27b would then be favored over 
either 27a or the solvent separated ion-pair 27 (eq 1.9). The rapid loss of a fluoride ion 
leading to the difluorofulvene could proceed through this ion-pair intermediate 27b. An 
interaction of the lithium with a fluorine atom leading to transition state 28 could be 
envisioned. 
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:, F+ 
-: LI =..=-......~cit, (eq 1.9) ~ .' 
F 
F-~-.d: 

~.'W· li 
On the other hand fluoride elimination is not evident with the 2­
trifluoromethylindenide. The electron-withdrawing character of the trifluoromethyl group 
has considerable less influence on delocalized charge distribution within the indene ring. 
If fluoride elimination were to occur, aromaticity of the phenyl ring would be lost leading 
to a much higher energy difluorofulvene intermediate 29. 
The observed results are summarized in Figure 1.6. The charge is initially 
delocalized within the indene ring creating a soft center (high energy HOMO) that would 
preferentially be attacked by soft electrophiles with a relatively low energy LUMO. This 
could explain the successful addition of soft electrophiles such as rhodium or iridium 
complexes over hard electrophiles such as titanium or zirconium complexes. 
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Figure 1.6. The addition of hard and soft electrophiles to l-trifluoromethylindenide. 
CF3 [CF [oJF-F]cq soft eleclrophiles O@- hard eleclrop~iles ~ ~ I ,.. G· I /.,& ~ 0 ,'/J 
Indenide 
.r. I h'l Difluorofulvene ,o,,"~ ,op " 1No" 
K' 
,y I ~j 
~ -)ar
u 
z E 
tetrahedral intermediate 
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Conclusion 

Preliminary experimental data show a distinct difference in reactivity between the I 
and 2-trifluoromethylindenes. The 1,4-elimination observed only with the 1­
trifluoromethylindene and their unreactivity towards Group IV metals is intriguing. To 
further help explain this difference, the reactivity of the substituted indenes towards 
electrophiles under a variety of experimental conditions (i.e. base, solvent, and 
temperature) needs to be explored. An ab initio theoretical study of these proposed 
intermediates using computational models may also help explain these observations. 
Considering these results and a study of the isotope effects, we may be able to understand 
this difference and explain the mechanism or mechanisms involved. This understanding 
may lead to better synthetic strategies for the preparation of metal complexes using these 
substituted indenes as ligands. 
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Chapter 2 

SCOPE OF THE }-TRIFLUOROMETHYLINDENYL IRIDIUM 

CA TAL YZED DIRECTED HYDRO BORA TION REACTION 
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Introduction 

Transition metal complex catalyzed hydroboration of alkenes was first successfully 
demonstrated in 1985.47 Since then a plethora of papers have appeared in the literature 
describing the catalytic efficiency of a number of metal complexes in this important 
reaction. Rhodium,47 ruthenium,48 iridium,49 lanthanide,50 niobium,51 titanium,52 
samarium50 and europium5o based complexes have all been shown to be effective 
hydroboration catalysts. 
Great diversity has been demonstrated by the variety of alkene and alkyne 
substrates successfully hydro borated with high selectivity in the presence of metal 
catalysts. 53 In general, a catalyst is not required to hydro borate alkenes. However when the 
boron of the hydroborating agent is attached to heteroatoms decreasing its electron 
density, elevated temperatures (>65 °C) and longer reaction times are required. Examples 
of these types of boron reagents are catecholborane (1,3,2-benzodioxaborole)54,55 and 
pinacolborane (4,4,5,5-tetramethyl-1 ,3,2-dioxaborolane). 56,57 
Hydroboration reactions catalyzed by transition metal complexes also differ 
greatly from conventional hydroboration in their chemo-, regio- and stereoselectivities. 
These observations initiated intensive investigation into the differences in mechanism 
between the catalyzed and uncatalyzed reactions.58 Many researchers realized that the 
nature of the catalysts,59,60,61,62,63 the steric and electronic characteristics of the alkene 
substrate,58,59 the nature of the stabilizing ligand,64,65 and the solvent and temperature 
affect the mechanism and ultimately the overall outcome of the reaction. Exposure of the 
catalyst to oxygen can greatly diminish its activity. These factors and the observed 
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degradation of catecholborane in the presence of the metal catalyst62 are fundamental 
considerations underpinning this reaction. 
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Background 

Manning and Noth47 found that the addition of catecholborane to terminal alkenes 
proceeded at room temperature in the presence of Rh(PPh3)3Cl (0.5 mole %) to give 
primarily the anti-Markovnikov product (eq 2.1). Noth found that the use of a catalyst 
offered distinct advantages over the non-catalytic version. The catalyzed hydroboration 
version did not require heat to effect addition and displayed complementary functional 
group selectivity. This chemoselectivity is illustrated in eq 2.1. Catecholborane reduces 
the ketone exclusively in the absence of a catalyst. 66 However, with the addition of a 
catalyst under the same conditions, only the olefin is hydro borated and the ketone remains 
untouched. 
~B(ORh0.5 mol% Rh(PPH3hCl
.. (eq 2.1) o 
anti-Markovnikov 
The Rh(PPh3)3Cl/catecholborane system is sensitive to the steric demand of the 
alkene. The time required to complete the reaction increases with increased substitution. 
This allows selective hydroboration of the less hindered olefin of a substrate containing 
two or more olefins such as calyculin A (eq 2.2) or limonene (eq 2.3). 
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OTES 
3 mol% Rh(PPh3hCl [O[.~H (eq 2.2) .. 
2.5equiv.HBcat, 20 DC 
90% 
2 mol % Rh(PPh3hCI [ 0 I (eq 2.3) 
HBcat 

80% 

Evans and Fu24 were the first to demonstrate how directing groups can be used to 
effect stereoselective addition of catecholborane to an alkene in the presence of a metal 
complex. This directing effect was adequately illustrated (Figure 2.1) using the 
homoallylic 3-cyclohexenol substrate. Since hydroxyl groups react rapidly with 
catecholborane to form borate esters, the cyclohexenol was converted to a 
diphenylphosphinite derivative. Diphenylphosphinite ethers can act as ligands. They are 
known to bind strongly, and reversibly, to rhodium. As shown in Figure 2.1, all possible 
Figure 2.1. Directed hydroboration reaction. 
6 
OTBS 
undirected Mixture of four 
OR R=TBS possible isomers 6 1) 1.1equiv. ><UAC Rh(PPH3hCl 
HBcat 

2) AC20 
 directed 98% diastereoselective 
R = PPh2 
82% cS:AO 
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isomers were obtained with a nonligating silyl ether as the directing group. However, the 
diphenylphosphinate group effectively directed the addition of catecholborane to give 
predominately the 1,3-cis isomer. The disadvantage of this directed reaction was that 
stoichiometric quantities of the metal complex were required. 
Secondary and tertiary amides were also shown to have strong directing effects in 
both acylic and cyclic systems.24 Excellent selectivity was obtained with disubstituted 
olefins when separated from the amide by one or two carbon atoms (Figure 2.2). The 
yields ranged from 75 -78% after oxidation and acetylation. 
Figure 2.2. Amide directed, Ir(COD)(PCY3)PF6 ([IrD catalyzed hydroboration reactions. 
OAc 
~NHBnn-Bu ~ [ Ir 1.. .. ~Mm"n-Bu + n'BU~n 
Ac 
1 99 
OAc 
~HBn Ir .. ~NHBn + ~HB" 
Ac 
1 99 
OH 
~n Ir ... '('(HBn + ~HB" 
OH 
[ Ir]~NHBn II .. + ~NHBn~" 

3 
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In 1998, Garrett and Fu25 reported the first example of a catalyzed directed 
hydroboration reaction using an indenyl rhodium complex as the catalyst. In their 
proposed mechanism (Figure 2.4) the indenyl ligand plays a key role in this reaction by 
slipping from an YJ5 to an YJ3 bonding mode (Figure 2.3). This change in hapticity provides 
a low-energy pathway to coordinative unsaturation at the metal center opening up an 
additional site on the metal to accommodate the directing group. 
Figure 2.3. Hapticity of indenylligands. 
1J5-complex 1J3-complex 
In reference to hydrogenation reactions, Crabtree proposed67 that in order to 
provide alkene addition through a directed route, the metal must achieve a 12-electron (or 
less) count to simultaneously accommodate the directing group (D:), the addend X2 and 
the alkene to form a stable 18 electron intermediate (eq 2.4). 
"MLn" (12e- complex) 
10 eq.2.4 
D directing Stable 18 e-intermediate 
group 
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Applying this principle to hydroboration reactions, Garret and Fu proposed (Figure 
2.4) that coordinative isomerization of the indenyl ligand would provide the requisite 
coordinative unsaturation to facilitate the directed process. 
Figure 2.4. Proposed mechanism for the directed hydroboration reaction. 
~ ~ILn2 
n
5Indenyi 18e' complex 
H 
"115IndRh" 
14ecomplex 
+ RBcat1~ 
175---.,. 173 ring slippage 
stable 18e complex 
The efficiency of the indenylrhodium catalyst in providing high stereo and 
regioselectivity through a directed process was clearly demonstrated by Garret and Fu. In 
their experiments 3-benzyloxycyclohexene and 3-silyloxycyclohexene were hydroborated 
with catecholborane in the presence of (11 5-Ind)Rh(C2R4h catalyst. These results are 
summarized in Table 2.1. Although the silyl ether, a poor coordinating ligand, failed to 
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direct the addition of catecholborane to the olefin, the benzyl ether was clearly able to 
direct the addition in a highly selective manner. Thus, the benzyl ether directed 
hydroboration preferentially furnished the cis-I ,3-isomer. 
Table 2.1. Indenylrhodium Catalyzed Ether Directed Hydroboration . 
6 
0R 
2.5 mol% (Ind)Rh(C2H4h [0] 
.. 
.0 --c-a-te-c-h-o-Ib-o-r-an-e-~"~ 
room temperature 
cis 1,3 trans 1,3 cis 1,4 trans 1,4 
% 
R % cis-I,3 % trans-I,3 %1,4 (cis + 
yield
trans) 
Bn 75 8 18 79 
TBS 46 26 28 
To provide credence to the ring-slipping mechanism, Garrett and Fu investigated 
catalysts containing other cyclopentadienyl-derived ligands. As previously reported,68 the 
suggested order for the tendency of Cp-derived ligands to ring slip is as follows: 
Ind> 1 ,2,3-trimethylindenyl » Cp > Cp* 
A correlation between the propensity to ring slip and high stereoselectivity (suggestive of 
a directed reaction) was clearly demonstrated. As shown by the experimental data 
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summarized in Table 2.2, the amount of the cis-l,3 isomer (preferred product of a directed 
reaction) increases proportionally with an increase in ring-slipping ability. 
Table 2.2. Propensity to ring slip vs. selectivity. 
OBn OBnaBn aBn 

2.5mol% (CpX Rh(C2H4h

.. 101 .. + + 
catecholborane6 
OBn QOI: 6, ¢ 6 
'bH !
room temperature OH OH 
cis 1,3 trans 1,3 cis 1,4 trans 1,4 
CpX % cis-I,3 % trans-I,3 % cis-l,4 % trans-I,4 
Ind 75 8 7 11 
I,2,3-trimethylindenyl 65 12 10 13 
Cp 30 30 28 12 
Cp* 26 33 29 12 
More recently Brinkman and Sowa reported on how rhodium and iridium 
transition metal complexes containing electron deficient indenyl ligands, previously 
prepared in our laboratory,36,37 were found to be very effective catalysts for the directed 
hydroboration of 3-benzyloxycyclohexene with catecholborane?5 These catalysts 
containing trifluoromethyl-substituted indenylligands, subject of Part I of this thesis, were 
shown to induce high stereo and regioselectivity. As proposed by Brinkman and Sowa, if 
electron-donating groups decrease ring-slipping ability (based on Garrett and Fu's work) 
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then electron-withdawing groups should enhance this propensity thereby increasing 
selectivity. This was indeed proven to be the case. The catalysts studied and the 
experimental results are summarized in Table 2.3. As shown in the first two entries, 
substitution of the ethylene ligand (73% cis) with a cyclooctadienyl (COD) ligand (74% 
cis) produced a minimal effect on reactivity and product ratios. However, the results 
clearly show the enhanced selectivity achieved when the indenyl ligand was substituted 
with a trifluoromethyl group (81% cis). Additionally, introduction of a second 
trifluoromethyl group onto the indenyl ring even further enhanced selectivity (84% cis). 
Crabtree previously reported improved selectivity for amide directed hydrogenations when 
rhodium complexes were substituted with iridium based complexes.49 This prompted the 
use of trifluoromethyl-substituted iridium complexes to effect the directed hydroboration. 
As shown in the last four entries of Table 2.3, selectivity was enhanced to practical levels 
(93 - 98%) with the iridium catalysts. 
As elucidated earlier, this highly selective directed hydroboration reaction (eq 2.5) 
proceeds through a proposed indenyl ring-slip mechanism that creates an open site on the 
c5 l-CF3IndMCOD eq.2.5HBcat; CH2C12.. 
Stable 18 electron 
proposed intermediate 
metal. The benzyl ether oxygen of the homoallylic benzyloxycyclohexene substrate can 
then donate its lone pair to the metal providing a stable 18e- intermediate. The hydrogen 
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and the boron is then transferred in a syn fashion to provide predominantly the cis-I,3­
benzyloxycyclohexenol after oxidative workup. This stereoisomer was obtained almost 
exclusively in some cases (see Table 2.3). 
Table 2.3. Trifluoromethyl-substituted rhodium and iridium catalyzed directed 
hydroboration reaction. 
6
0Bn 
IO mol % Ind ML2 [oj 
.. ~ -c-at-ec-h-o-lb-o-ra-n-;.... 
RT 
cis 1,3 trans 1,3 cis 1,4 trans 1,4 
% cis- % trans- % cis- % trans- Yield 
Catalyst (IndML2) 
1,3 1,3 1,4 1,4 % 
IndRh(C2H4h 
IndRhCOD 
l-CF3IndRhCOD 
2-CF 3IndRhCO D 
1,3-(CF3hlndRhCOD 
IndIrCOD 
l-CF3IndlrCOD 
2-CF 3IndlrCOD 
1,3-(CF3hlndlrCOD 
73 
74 
81 
81 
84 
93 
96 
96 
98 
II 
9 
10 
9 
8 
5 
2 
2 
<1 
10 
11 
5 
6 
3 
<1 
<1 
2 
2 
7 71 
6 70 
4 59 
4 58 
5 59 
2 72 
2 60 
<1 62 
<1 60 
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The extremely high efficiency of the trifluoromethyl-substituted indenyl iridium catalyst 
was clearly demonstrated by Brinkman and Sowa. However an improvement in overall 
yield and an understanding of how general this effect was toward other organic substrates 
was needed. 
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Results and Discussion 

2.1 Investigating the Reagents and Reaction Conditions 
To expand the scope using this highly selective trifluoromethyl-substituted indenyl 
catalyst, a closer look at a number of variables and how they may affect the yield and 
stereo selectivity was warranted. Transition metal catalyzed hydroboration is a multi-step 
process subject to many complications. These are frequently related to side reactions 
caused by degradation of the boron hydride and formation of other metal complexes 
generated in situ.69 Several other factors including solvent, reaction time, and reaction 
temperature can also affect the outcome of the reaction. 
In a general procedure, the alkene, dissolved in an appropriate solvent, was added 
to a flame-dried Schlenk flask containing the catalyst under positive nitrogen or argon 
pressure. The resulting pale yellow homogeneous solution was cooled in an ice bath to 0 
°c and catecholborane was slowly introduced through a syringe. Precautions were taken to 
maintain air-free conditions throughout the addition procedure. After twenty-four hours 
the amber colored solution was subjected to an oxidative workup procedure followed by 
an aqueous workup. Once the selectivity was checked by HPLC, the crude mixture was 
purified by chromatography to isolate the desired hydro borated products. The yields were 
then calculated. 
Through repeated experiments, it became apparent that several factors affected the 
outcome of this hydroboration reaction. Some of these factors include purity of alkene 
substrate, source and purity of catecholborane, amount and purity of catalyst, type and 
dryness of solvent, rate of catecholborane addition and reaction time. Maintaining air free 
30 
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conditions is vital. By using the protocol previously established for this reaction25b one, 
two or several of these variables were simultaneously adjusted to provide information 
critical in achieving high selectivity and optimum yields. 
A by-product was isolated in several of the initial experiments. This by-product 
was identified as the hydrogenated product 32. Monitoring the progress of the reaction 
(eq 2.6) over time clearly showed that a competing reaction leading to the hydrogenated 
OBn OBnOBn OBn 
l-CF3IrCOD [0] 
... (eq 2.6) 6+ HBeat ... 0+ 6hexane ~HQ
Beat57% 31 32 
boronate 
1 2intermediate 
product was occurring (Table 2.4). Aliquots were carefully removed through a double 
pointed needle under positive argon pressure at four different time periods, as indicated in 
Table 2.4. Extreme precautions were taken to maintain air-free conditions during aliquot 
removal. At six hours a significant amount of white precipitate had formed in the reaction 
mixture. Attempts were made to isolate these solids but they were found to be extremely 
air sensitive (decomposition was evident by a significant change in color from white to 
gray upon immediate contact with air) making isolation and characterization difficult. A 
crude NMR of the solids isolated showed boronate intermediates as possible products. A 
significant decrease in hydrogenated product was observed at 9.5 hours. The precipitates 
formed during the course of the reaction may have led to this discrepancy also suggesting 
that the precipitates could be related to a boronate intermediate (eq 2.6) leading to one of 
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Table 2.4. Reaction progress over time. 
Reaction Time 
(hours) 
Selectivity % 
(Cis 1,3 product) 
% U nreacted starting 
alkene remaining 
% Hydrogenated 
product 
1 No selectivity >80% 
3 62% 64% 13% 
6 70% 43% 28% 
i 9.5 72% a47% a14% 
21.5 83% -
I 

i 
. 
I 
a A significant amount of precipitates formed in the reaction mixture leading to this 
discrepancy. 
the final products. Nevertheless if the precipitates were related to an intermediate, then 
the use of an alternative solvent to help solubilize these solids would help improve the 
yield of the desired hydroborated product. After 21.5 hours the reaction mixture was 
subjected to oxidative workup and the product ratios assessed by HPLC. As shown in 
Table 2.4, a significant amount (40%) of the hydrogenated product was observed in the 
final product mixture. 
Burgess, Westcott and co-workers have done mechanistic studies of transition 
metal catalyst in the presence of catecholborane.62,65,69 These studies showed that 
Wilkinson's catalyst when combined with catecholborane gave several rhodium 
complexes and resulted in disproportionation of the boron hydride (Figure 2.5). 
Competing catalysis by the different complexes formed led to extensive side reactions 
causing diminished stereoselectivities. For example, the metaldihydrido species, 
Rh(H)2CI(PPh3)3, or the BH3 generated (Figure 2.5) could react with the substrate giving 
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rIse to observed hydrogenation products. Changing the solvent may inhibit 
disproportionation of the catecholborane. 
Figure 2.5. Reaction of Wilkinson's catalyst with catecholborane. 
RHCl(PPh3h + 
RhH2Cl(PPh3h + B2(02C6H4h 
The effect of solvent on the yield and selectivity is summarized in Table 2.5. All 
solvents used were either purified then distilled prior to use, or purchased as the anhydrous 
solvent from commercial sources (sure-seal or drisolv).7o As described earlier using 
hexanes as the solvent gave a mixture of the hydro borated and hydrogenated products in a 
1:2 ratio (eq 2.6). In the absence of a solvent, a slight improvement in the overall yield was 
obtained with the IndRhCOD catalyst (Table 2.5). More importantly, none of the 
hydrogenated product was observed in this experiment. Alternate solvents such as 
dichloromethane and dichloroethane were also explored. No precipitates formed during the 
course of the reaction using these chlorinated solvents. Dichloromethane proved to be the 
best solvent resulting in an improved overall yield of 97% as shown in Table 2.5. High 
selectivity was also maintained with the chlorinated solvents. 
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Table 2.5. Solvent effect on selectivity and yield. 

c5 10 mol %catalyst [ 0 [ ,J!:..,n + ... .. ~OH 
cis-i,3 trans-i,3 cis-i,4 trans-i,4 
Catalyst % cis- %trans- % cis- % trans- % 
Solvent 
1,3 1,3 1,4 1,4 yield 
l-CF3IndlrCOD25b 96 <1 2 2 60 hexane 
I-CF3IndIrCOD 92 2 2 4 97 CH2Ch 
I-CF3IndIrCOD 96 0.5 2.5 73 (CH2hCh 
IndRhCOD4 74 11 9 6 70 hexane 
IndRhCOD 76 13 6 5 78 neat 
In a series of experiments, the amount of catalyst was modified to investigate this 
effect on selectivity. As shown in Table 2.6, significant improvement in selectivity was 
observed with an increase in the amount of catalyst used. From these results it was 
concluded that either decomposition or contamination of the catalyst by catecholborane 
can occur over a period of time. Timed NMR experiments did show a rapid degradation of 
the l-CF3IndIrCOD catalyst in the presence of excess HBcat. 
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Table 2.6. Effect of increasing amounts of catalyst on product selectivity. 

c5 l-CF 3IndlrCOD lol ... HBcatl hexane 

Lt. 

cis-I,3 isomer 
Mole % ofcatalyst 2% 10% 12% 
Selectivity 
76% 83% 86% 
(1,3-cis isomer) 
Degradation of catecholborane gives rise to a variety of boron products such as tri­
O-phenylene bis-borate 33. Some of these have been observed using boron NMR. 
The catecholborane used for the hydroboration experiments described herein was 
prepared using Brown's procedure (eq 2.7).54 Hydroboration of the alkenes investigated 
proceeded with improved selectivity when freshly prepared HBcat was used compared to 
that obtained from commercial sources. Commercially available catecholborane contains 
considerable amounts of borate impurities and possibly trace amounts of solvent.71 Neat 
catecholborane, however, was only achieved after several distillations and a vacuum 
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~OH 
(eq 2.7) WHV-oH 
34 35 
67°C @ 60mm Hg 
76-77°C @ 100mm Hg54 
transfer procedure. This process assured the complete removal of all the tetrahydrofuran 
solvent. Even a trace amount of tetrahydrofuran resulted in a large decrease in selectivity 
in the hydroboration reaction. This occurs because tetrahydrofuran can compete with the 
donor group on the substrate (D) for open sites on the metal leading to diminished 
selectivity. Catecholborane, an unstable liquid at room temperature, can be stored at 0 °c 
under air free conditions for several months without degradation. 
In the absence of boron NMR, other methods were investigated to aid in purity 
analysis of the catecholborane prepared. A preliminary investigation revealed the 
formation of 8-hydroxyquinoline-catecholborane complex (eq. 2.8). This was 
accomplished by slow addition of catecholborane to a cold (0 DC) solution of 8- hydroxy­
~.-9 Nfi + (hSH.-9 I THF OOC • w.-9 N
fi 
f
'-... 
O/B'o 
(eq 2.8) 
H 0 
36 35 38 
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quinoline in dry THF. A yellow solid precipitate formed within thirty minutes. This solid 
was isolated by filtration under an argon atmosphere and identified as the desired product 
byNMR. 
More recently, Brown and co-workers reported a more convenient and less tedious 
method for the synthesis of catecholborane.71 They successfully formed catecholborane in 
greater than 97% purity and 85% yield after distillation by treating tri-O-phenylene bis­
borate with diborane in triglyme or tetraglyme at moderate temperatures. Boron NMR 
was used to follow the progress of the reaction. Following this published procedure the 
catechol (3 equivalents) was treated with boric acid (1 equivalent) in refluxing toluene 
with removal of water to provide the tri-O-phenylene bis-borate 33 in quantitative yields. 
(eq 2.9). However, when this borate ester was then treated with BH3.THF (1 equivalent) as 
described in the Brown's procedure, the mixture solidified to a solid mass in the flask and 
stirring could not be continued. Catecholborane was not obtained using this procedure. 
Further investigation of this procedure is warranted particularly if boron NMR is 
available. 
(eq 2.9) 
Two different borane reagents 39 and 40 were explored as alternative 
hydroborating agents. The 6-t-butylcatecholeborane 39 was selected to provide a 
catecholborane analog with a higher boiling point (l25°C @ 55mmHg). This simplified 
the distillation required to isolate neat HBcat reagent uncontaminated with THF solvent. 
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The THF could be completely removed at lower temperatures and the product isolated 
without continued distillation. Another reagent explored was pinacolborane 29. This boron 
reagent, obtained from commercial sources, is stable at room temperature. The results of 
the hydroboration reactions using these reagents are summarized in Table 2.7. As shown, 
Table 2.7. Effects of alternative boron reagents. 
l-CF3IndlrCOD [ 0 I 
--------------------~.~ . 
Borane Reagent 
CH2Cl2 
r.t. cis-l,3 isomer 
Borane Reagent Catalyst Selectivity 
(1,3-isomer) Yield 
Catecholborane l-CF3IndlrCOD 92% 96% 
t-Butylcatechol­
borane l-CF3IndlrCOD 95% 89% 
Catecho I borane IndRhCOD 76% 78% 
t -Butylcatecho 1­
borane IndRhCOD 
65.4% 89% 
(crude) 
pinacolborane l-CF3IndIrCOD No selectivity 
87% 
(mixture of 
products) 
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experiments usmg t-butylcatecholborane compared very well with those usmg the 
unsubstituted catecholborane albeit at a slightly lower yield. However comparable results 
were not obtained when IndRhCOD was used as the catalyst. An explanation of this result 
is not clear at this point but may be provided with additional experiments since this 
experiment was only performed once and other factors may have decreased selectivity. 
Hydroboration using pinacolborane was unselective. Both regioisomers and the 
hydrogenated product were isolated including the intact catalysts. Isolation of the catalysts 
suggests that hydroboration and hydrogenation of the alkene substrate with pinacolborane 
proceeded through a non-catalytic mechanism. 
2.2 Expanding the Scope 
As an extension of work initiated by Brinkman and Sowa, the reactivity of other 
alkenes under optimized reaction conditions was explored to expand the scope of this 
highly selective directed hydroboration reaction. The l-CF3IndIrCOD catalyst was found 
to be quite versatile and effective at hydroborating a number of cyclic and acyclic alkenes. 
2.2.1 Catalyzed hydroboration ofhomoallylic cycloalkenes 
A series of substituted homoallylic cycloalkenes were prepared to explore the 
effect of ring size and directing group on selectivity and yield. The 3-cyclopenten-l-ol ±l 
was obtained from a commercial source,72 however the cyclohexenol 42 and 
cycloheptenol analogs had to be prepared from available precursors. Preparation of 3­
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proceeded through a non-catalytic mechanism. 
2. 2 Expanding the Scope 
As an extension of work initiated by Brinkman and Sowa, the reactivity of other 
alkenes under optimized reaction conditions was explored to expand the scope of this 
highly selective directed hydroboration reaction. The 1-CF3IndIrCOD catalyst was found 
to be quite versatile and effective at hydroborating a number of cyclic and acyclic alkenes. 
2.2.1 Catalyzed hydroboration ofhomoallylic cycloalkenes 
A series of substituted homoallylic cycloalkenes were prepared to explore the 
effect of ring size and directing group on selectivity and yield. The 3-cyclopenten-1-01 41 
was obtained from a commercial source,72 however the cydohexenol 42 and 
cycloheptenol 43 analogs had to be prepared from available precursors. Preparation of 3­
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6 
OH 
c5 
cyclohexen-l-01 42 was successfully accomplished with mmor modifications to the 
published procedure (eq 2.10).73 To minimize the formation of cyclohexadiene 45 it 
became necessary to heat the diol to a melt (101 DC) before adding a catalytic amount of 
60% sulfuric acid. With a short path distillation apparatus attached, the solution was then 
rapidly heated to 220 DC collecting the volatile distillates containing product. The fractions 
containing the desired product 42 were collected and neutralized by washing with 
saturated sodium bicarbonate solution. A minor by-product was observed by HPLC. 
Purification using medium pressure liquid chromatography (lsco MPLC system) provided 
this by-product «2% of the total product mixture). The by-product was identified as the 
dicyclohexene ether 46 (eq 2.10) by GC/MS. Removal of this by-product did not affect 
selectivity of the hydroboration reaction so no attempt was made to purify subsequent 
batches of the cyclohexenol. 
dH H2SO4 ... + (eq2.l0)+H2H 0 d>=> 57% 
45 46 
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Preparation?4 of the cycloheptenol substrate 43 was accomplished in two steps 
from readily available cycloheptadiene 47 (eq 2.11). The epoxide 48 was obtained by the 
addition of peracetic acid to a stirred solution of the diene and sodium carbonate in 
methylene chloride. An ethereal solution of the crude epoxide was then treated with 
lithium aluminum hydride (LAH). The LAH work-up procedure described in the literature 
reference provided crude product that required further purified by a continuous silver 
nitrate extraction followed by treatment with aqueous ammonia then distillation. The 
desired product 43 was then isolated in 16% yield based on the 1,3-cycloheptadiene. To 
avoid this tedious work-up procedure, a saturated sodium bicarbonate quench followed by 
an aqueous work-up was used to provide the desired cycloheptenol product in greater than 
96% purity by GC and 73% overall yield from the starting diene. 
0 6 0 OH CH3C03H LAH.. .. (eq2.11) Na2C03 Et20 

CH2Cl2 

47 48 43 

Once isolated, the desired cycloalkenols were deprotonated with NaH, then further 
treated with benzyl bromide or p-methoxybenzyl chloride to provide the desired 
substituted cyclohexene products (Table 2.8). 
Homoallylic cyloalkene amides 55 and 56 were also prepared to explore the effect 
of different directing groups. Using standard peptide coupling conditions?5, the 
commercially available carboxylic acids 53 and naphthylmethylamine 54 were treated 
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Table 2.8. Homoallylic 3-benzyloxycyc1oalkene substrates. 

(~ 1) NaH/DMF 2) BnBr 
Compound # N R % Yield 
49 0 H 71 
50 1 H 93 
51 1 OCH3 88 
52 2 H 67 
with diethylaminocarbodiimide and hydroxybenzotriazole in an appropriate solvent to 
furnish the desired secondary amides in greater than 90% yield (eq 2.12). The 
naphthyl methylamine was used instead of the benzyl amine to provide a stronger 
chromophore enhancing fluorescence for improved TLC and HPLC detection. 
EDCI/HOBt 
n 
~ 
(eq.2.12)... ( 
THF 
53a (n = 0) 55 (n = 0) 
53b (n = 1) 56 (n = 1) 
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The directing ability of a tertiary amide was also explored. The pyrrolidine amide 
analog 58 was prepared by coupling the acid 53b with pyrrolidine 57 as described above 
(eq 2.13). 
EDCIIHOBt 
(eq2.13)OH Q .. 
+ THFH 6 
53b 58 
The substituted cycloalkenes were hydro borated with catecholborane in the 
presence of the l-CF3IndIrCOD catalyst as previously described. The selectivity of the 
crude product mixtures was assessed by HPLC. Purification by column chromatography 
provided pure product and yields were calculated. As illustrated in Table 2.9, the ring size 
significantly impacts the stereo selectivity and overall yield of the reaction. Poor selectivity 
was observed when the cyclopentenyl substrate was used (entry 1, Table 2.9). Both cis and 
trans cyclopentanol isomers were obtained in a 3:2 ratio. Although the cis-addition was 
slightly favored, this reaction clearly proceeded with little influence of the benzyloxy 
directing group. Presuming the envelope conformation of the starting cyclopentene 
substrate, these results were quite surprising. If however, the double bond flattens the ring 
then the benzyl ether may be moved too far away to participate in directing the addition of 
HBcat. This proposed ring-flattening phenomenon was observed in low energy conformers 
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Table 2.9. Directed hydroboration of 3-benzyloxycycloalkenes. 
OBn OBn OBn OBn 
l-CF3indlrCOD [ 0 I

.. .. 
catecholborane (~H(~H (0 + (Q
CH2Cl2 
r.t. 	 OH OH 

II III 

Entry Starting Substrate Product % Selectivity %Yield 
for cis-isomer 
6 
OBn 
49-1 
 18% 97
1 

I 

6 
OBn 
2 
 50-1 
 92% 97 

I 

b 
OBn 
52-1
3 
 74% 83 

I 

conformers calculated using Spartan semi-empirical molecular mechanics MM2 and PM3 
methods (Figure 2.6). In comparison the low energy conformation of the 3-benzyloxy­
cyclohexene (Figure 2.6) shows the oxygen (directing donor group) in much closer 
proximity to the double bond. Nevertheless, we can conclude for the experimental results 
of the hydroboration of 3-benzyloxycyclopentene that even if the stable intermediate metal 
IV 
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Figure 2.6. Energy minimized conformers 
3-benzyloxycyclohexene 3-benzyloxycyclopentene 
complex (Figure 2.7) does form, transfer of the boron hydride to the double bond is 
inhibited through the proposed metal transfer mechanism previously described. 
Figure 2.7. Proposed stable I8-electron intermediate. 
cyclohexenyl complex cyclopentenyl complex 
The hydroboration of benzyloxycycloheptene (entry 3, Table 2.9) proceeded with 
greater stereo and regioselectivity. Homoallylic benzyl ethers consistently proved to be 
quite effective in directing the addition of HBcat to the cyclohexene olefin with high regio 
and stereoselectivity and high yield (entry 2, Table 2.9). 
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Two additional directing group modifications (Table 2.10) were made to explore 
the effect on selectivity. The oxygen of the benzyl ether acts as a Lewis base by donating 
one of its lone pairs of electrons to the metal. Introducing a strong electron donating 
methoxy substituent to the phenyl ring should increase the Lewis basicity of the donor 
group and increase selectivity. This was indeed the case, (entry 1, Table 2.1 0) as the p­
methoxybenzyloxy directing group affected a 96% selectivity compared to 92% for the 
benzyloxy directing group. 
Secondary and tertiary amides also showed good directing ability (entries 3 and 4, 
Table 2.10). In both examples (entries 3 and 4) the cis-1 ,3-isomer was almost exclusively 
obtained. Analogous to the benzyloxycyclopentene substrate, however, the amide was not 
able to direct the addition of catecholborane to the cyclopentene olefin with good 
selectivity (entry 2, Table 2.10). In this case, a mixture of cis and trans was produced. The 
yields of the amide directed hydroboration reactions were significantly lower than those 
with substrates containing ether substituents. Reduction of the amide in the presence of 
catecholborane has been documented in the literature49 and explains the observed reduced 
yields. The HPLC of crude reaction mixtures of the amide products (entries 3 and 4, Table 
2.10) showed one major peak. These compounds were isolated by column 
chromatography and their structures elucidated by NMR. 
The stereochemical assignments of the 1,3-cycloalkanol products were 
determined by comparing their NMRs to that of the known cis-3-(benzyloxy)­
cyclohexanol.25 (b), 76 A similar coupling pattern of the protons at positions C-1, C-2 and 
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Table 2.10. Directing group effect on selectivity 

1-CF 31ndlrCOD 
... 
catecholborane 
CH2Cl2 
r.t. I II III IV 
Entry Starting Substrate Product % Selectivity 
for cis-isomer 
%Yield 
1 0::OU6 # CHJ 51-1 96% 77 
2 t~ 55-1 10% 70 
3 ~~ 56-1 >97% 89 
4 00 58-1 >90% 57 
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C-3 emerged among several of the cis-I,3-isomers. The observed coupling constants 
between these protons correlate well with the expected theoretical values (Figure 2.7). 
Figure 2.7. Theoretical values for proton spin-coupling constants 
of cis-3-(benzyloxy)cydohexanoL 
Hbcdi J =0-5 Hz 
The conformation of the cis-3-(benzyloxy)cyclohexanol shown in Figure 2.7, with 
Ha and Hb in the axial positions, is expected to be more thermodynamically stable. Figure 
2.7 shows the theoretical proton spin-coupling values for Ha and Hb. Ha would couple to 
the two axial protons at C-2 and C-6 by a large anti coupling constant (J = 6 - 14 HZ).77 
The resulting triplet would then be further split by the coupling of Ha to the two equatorial 
protons on C-2 and C-6, by a small gauche coupling constant (J = 0 - 5 HZ).77 Similarly 
Hb would also show this splitting pattern and coupling constants by coupling to its vicinal 
protons. The coupling pattern for Ha and Hb would therefore appear as a triplet of triplets 
or a heptet if overlapping of the triplets occur. 
---,.......... 

6 - 14 Hz 0- 5 Hz 
or IIIIIII 
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The NMR spectrum showing the splitting pattern and observed coupling constants 
for Ha and Hb of cis-3-(benzyloxy)cyclohexanol is shown in Figure 2.8. As expected, 
defined heptets with J ~ 8 Hz for the axial/axial coupling and J ~ 3.5 Hz for the 
axial/equatorial coupling is observed for Ha and Hb. 
Figure 2.8. NMR spectrum of cis-3-(benzyloxy)cyclohexanol 50-1 showing the 
splitting pattern and proton spin-coupling constants. 
He (J = 12.7 Hz) 
Ha (J = 7.7 Hz, Hb (J = 7.5 Hz, 
3.7 Hz) 3.6 Hz) 
Further evidence of cis configuration is the coupling of the diastereotopic protons 
on C-2 to Ha and Hb. One of these protons, He, appears between 0 2.0 and 0 2.2 and shows 
a characteristic splitting pattern. Theoretically the geminal coupling of He to Hd should 
provide a doublet with a large coupling constant (J ~ 12 -18 Hz)77. This doublet is further 
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split into triplets by the coupling of He to the vicinal protons Ha and Hb resulting in a 
doublet of triplets. This splitting pattern does indeed appear at 8 2 2.2 in several of the 
cis-l ,3 -cyclohexanol NMR spectra. 
A broad doublet with a large coupling constant (J = 12.7 Hz), characteristic of the 
geminal coupling, is observed in Figure 2.8. However, further splitting of He to Ha and Hb 
is not evident in this example. This could be due to the dihedral angle between vicinal 
protons He and Ha and between protons He and Hb. As the dihedral angle gets closer to 90° 
the coupling approaches zero (predicted by vicinal Karplus correlation graph)?8 
>--+-HC 
The unique He doublet of triplet spitting pattern can be seen more clearly in the 
NMR spectrum of the cis-3(benzyloxy)cycloheptanol, Figure 2.9. The coupling constants 
are listed in Table 2.11. 
This Ha, Hb and He coupling pattern is also evident in the amide-substituted 
cyclohexanol as shown in Figure 2.1 O. In this example Hb (8 3.55) appears as a triplet of 
triplets. Coupling constants for the three protons of interest are listed in Table 2.11. 
The most convincing proof of cis conformation of the cyclohexanol 50-1 is the 
nuclear Overhauser effect (NOE) observed between Ha and Hb (FigureI-3, Appendix I). 
This NOE is not observed between these protons in the trans-3-(benzyloxy)cyclohexanol 
(Figure 1-5, Appendix I). 
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Figure 2.9. NMR spectrum of3-(benzyloxy)cycloheptanoI52-I. 
Hd 
Hc 
Ha Hb 
The five-membered ring cyclohexanol products, cis-3-(benzyloxy)cyclopentanol 
(49-1) and cis-3-(naphthylmethyleneamido)cyclopentanol 55-1 exhibit similar coupling 
patterns for the cis-l,3 axial protons (Ha and Hb). However the coupling constants are 
characteristically much smaller than those observed for the larger rings (Table 2.11). 
The difference between the coupling patterns of the protons of interest in the cis 
and trans isomers of 3-(benzyloxy)cyclopentanol could be seen more clearly in DMSO-d6 
solvent. The He doublet of triplet appears at 0 2.19 in the cis-isomer (Figure 1-9, Appendix 
I) but is absent in the NMR spectrum of the trans-isomer (Figure I-10, Appendix I). An 
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Figure 2.10. NMR structure 3-[(naphthalene-I-ylmethyl)amide ]cyclohexanol 56-1 
a Hb 0 
HO HN~ 
HbbJi tY 
.. 
Ha 
jl~~\ 
____~; 1_____­
additional feature that appears when comparing the cis and trans spectra of the 1,3­
benzyloxycyclohexanol and the 1,3-benzyloxycyclopentanol products is a characteristic 
0.2 ppm downfield shift of the Ha proton and 0.15 to 0.29 ppm downfield shift of the Hb 
proton in the trans products (Appendix I). The structure of cis-3-(benzyloxy)cyclopentanol 
49-I was further confirmed by comparing the NMR spectrum to that found in the 
literature.79 
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Table 2.11. Coupling constants of cis-l ,3-cycloalkanol in CDCh. 

Compd. 
# Stucture Ja (Hz) (ax/ax) 
Ja (Hz) 
(ax/eq) 
Jb (Hz) 
(ax/ax) 
Jb (Hz) 
(ax/eq) 
Jed 
(Hz) 
14.1 
Jea/Jcb 
(Hz) 
1.511.549-1 
Hb 
~BnHe 
HO ~d 
4.8 2.5 4.6 2.6 
50-1 
Hd 
HO~Bn 
Ha Hb 
7.7 3.7 7.5 3.6 12.7 <1.0 
51-1 
Hd 
HO~BnpOCHJ 
He 
Ha Hb 
7.7 3.8 7.7 3.6 12.9 <1.0 
52-1 
Hd 
H~Bn 
Ha Hb 
8.2 4.1 8.3 3.4 13.9 3.613.4 
55-[ 
Hb 
WONHCH2naphthYI 
He 
HO Jd 
4.27 1.35 
56-1 
Hd 
H°ftoNHCH,n'PhthYI 
a Hb 
9.7 4.8 10.8 3.6 12.5 3.6/3.6 
58-1 
Hd 
HO~OPy'mlidin' 
He 
Ha Hb 
8.4 4.0 9.23 4.2 - -
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2.2.2 Catalyzed Hydroboration ofhomoallylic acyclic alkenes. 
The l-CF3IndIrCOD catalyzed directed hydroboration of acyclic substrates was 
also investigated to expand our scope. The compounds 2-benzyloxy-4-pentene 60 eq 
2.14) and Hex-3-enoic acid (naphthalen-l-ylmethyl)-amide 62 (eq 2.15) were prepared 
OH 
I) NaH/DMF 
(eq 2.14) ~ 
2) BnBr 
60 
from commercially available alcohol 59 and carboxylic acid .§l, as previously described. 
o EDCI/HOBt ~~H THF (eq2.15) 
Hydroboration followed by oxidation of the substrate containing a terminal olefin 
60, in the presence of the I-CF3IndlrCOD catalyst, proceeded via an undirected route to 
o~
# I V HBcat;CH2Ct, .. 
~ l-CF3IndIrCOD 
89% 
(eq 2.16) 
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give only the anti-Markovnikov product 63 (eq 2.16) in 89% yield. Other regioisomers 
were not detected. However, reaction of compound 62, containing an internal double 
bond, under analogous conditions afforded a single regioisomer 64 suggesting a directed 
mechanism (eq 2.17). The product was obtained in 71 % yield. Existence of the other 
regioisomer was not evident by HPLC. 
_ /~ H~~I-CF3Indlrco" J()l. _ '[H'~/~~ HBcat /~~ (eq2.l7) 
CH2CI2 

62 §.:h 71% 

Catalyzed hydroboration ofallylic cycloalkene. 
Our studies focused primarily on the efficiency of the l-CF3IndIrCOD catalyzed 
hydroboration of homoallylic systems. To continue to define the scope and limitations of 
this highly selective reaction, the outcome on allylic systems also needed to be explored. 
To directly compare the results, the 2-cyclohexen-l-ol 65 substrate was selected. Once 
benzylated, compound 66 was hydro borated in the presence of our catalyst in a manner 
previously described (eq 2.18). HPLC analysis of the crude mixture obtained following 
the oxidative and aqueous work-up procedures showed a mixture of products. These 
results suggest that directed reaction of allylic cycloalkenes is inhibited under this 
catalytic system. 
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OH OBn 

NaH 6 HBcat;CH2CI2 [0]
6 Mixture of.. I ----=-1--..;;C-..;;F.J..3I;.;.;;.nd;;;..I.;;,.;rC;;".;O:....:D;;".;...... ---l...... (eq2.18) BnBr products 
These results may be explained by considering the intermediates (Figure 2.11) 
obtained in the proposed catalytic cycle. Once the stable 18 electron intermediate complex 
is formed, addition of hydrogen or catecholborane to the double bond could potentially 
Figure 2.11. Proposed mechanism for hydroboration of allylic cycloalkene substrate 
mixture of 
---.,...... 
products 
proposed stable 18 Ring-Strain 
electron intermediate 
produce a strained 4-membered ring intermediate. The reaction proceeds through an 
undirected mechanism leading to the formation of all possible isomers. 
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Summary 
The l-CF3IndlrCOD complex proved to be extremely effective in catalyzing the 
hydroboration of a variety of homoallylic substrates in the presence of catecholborane. 
Several factors and reagents were investigated to determine optimal conditions for this 
directed reaction. The choice of solvent and purity of the borane reagent are critical 
factors that govern the overall outcome of this reaction. Our trifluoromethylindenyl 
iridium catalyst reacts consistently under these optimal conditions to give stereoselective 
products in high yield. The best results were obtained with homoallylic cyclohexene 
substrates containing either ether or amide directing groups. With these substrates high 
yields of 89 - 97% and high regio and stereoselectivity of 92 - 97% were achieved. 
However this enhanced selectivity was not extended to cyclopentene or cycloheptene 
substrates or to acyclic alkenes containing a terminal double bond. Allylic cyclohexenes 
showed poor selectivity representing an additional limitation. 
From the results of the catalyzed hydroboration experiments, we can rationalize 
that substrate conformation is important for product selectivity. The benzyl ether 
substituted cyclohexene ring can assume a preferred skewed boat conformation to 
simultaneously bind the directing group and olefin to the metal. The poor selectivity 
observed with the 5-membered ring substrates, however, suggests that in these cases, ring 
constraints will not allow binding of these groups in tandem. 
The uncatalyzed hydroboration-oxidation of simple l-alkenes is known to 
proceed with very high regioselectivity favoring the anti-Markovnikov product. Under 
our catalyzed hydroboration reaction conditions, the preference for an anti-Markovnikov 
80 
addition to the tenninal alkene was still favored over a directed mechanism. However, 
with substrates containing internal double bonds where there is no Marknovnikov vs anti­
Markovnikov preference, the amide directed hydroboration does proceed with high 
selectivity providing predominantly the 1 ,3-substituted product. 
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Conclusion 
This section of the thesis investigated the scope of the directed hydroboration 
reaction using I-trifluoromethyl-substituted indenyl complexes. By close investigation of 
the reagents involved, the reaction conditions were optimized to produce reliable and 
reproducible results. Under this catalytic system, ethers or amides effectively direct the 
addition of catecholborane in the hydroboration of homoallylic cyclohexenes substrates 
with high regio and stereoselectivity. Diminished selectivity with smaller or larger ring 
systems may be due to the restricted conformation required for the formation of the 
intermediate complex or to the inability of the boron hydride to add to the alkene once the 
complex is formed. 
Hydroboration of acyclic alkenes containing an internal double bond also 
proceeds through a directed route to provide the 1,3-substituted alkanol with high 
regioselectivity. 
Future studies include the application of this highly selective hydroboration 
reaction to the synthesis of more complex molecules such as natural products or 
biologically active compounds. Other reactions such as hydrogenation, hydroformylation, 
hydrosilylation, or hydrocyanation could be explored using this highly efficient 
trifluoromethylindenyl iridium complex as catalyst. In addition, the use of chiral ligands 
to induce enantioselective addition to alkenes is another area for future research. 
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Experimental Section 
Reagent List and Source: 
Benzyl amine Aldrich 
Benzyl bromide Aldrich 
Borane-THF complex (1.5M in THF) Aldrich 
n-Butyllithium (2.5M solution in Hexane) Aldrich 
4-tert-Butylcatechol Aldrich 
Catechol Aldrich 
Catecholborane Aldrich 
l,4-Cyclohexanediol (mixture of cis and trans) Aldrich 
3-Cyclohexene-l-carboxylic acid Aldrich 
2-Cyc1ohexen-l-ol Aldrich 
3-Cyclopentene-l-carboxylic acid Aldrich 
3 -Cyclopenten-l-ol Astatech 
Dichloroethane (Sure/Seal) Aldrich 
Dichloromethane (DriSlov) EM Science 
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride Aldrich 
Dimethylformamide (DriSolv) EM Science 
Hydrogen peroxide (30% solution in water) Aldrich 
1-H ydroxybenzotriazole hydrate Aldrich 
Iridium cyclooctadienechloride dimer Strem 
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4-Methoxybenzyl chloride Aldrich 
I-Naphthalenemethylamine Aldrich 
4-Penten-2-01 Aldrich 
Potassium hydride, 35% dispersion in oil Aldrich 
Pyrrolidine Aldrich 
Rhodium cyclooctadienechloride dimer Strem 
Sodium hydride, 60% dispersion in oil Aldrich 
Tetrahydrofuran (DriSolv) EM Science 
4,4,5,5-Tetramethyl-l ,3,2-dioxaborolane Aldrich 
2,2,2-Trifluoroacetophenone Aldrich 
Trimethylsilylbromide Aldrich 
Vinylmagnesium bromide (lM in Tetrahydrofuran) Aldrich 
General Methods and Conditions 
Except as stated otherwise, the reagents in this study were used as received from 
the commercial sources listed above. The catecholborane prepared by Brown's method54 
or obtained from Aldrich was further purified by distillation followed by vacuum 
transfer. This procedure was critical to provide good selectivity in the hydroboration 
reactions. 
Proton eH) and carbon (I3C) nuclear magnetic resonance spectra were recorded 
on a Bruker 300 or a Bruker 400 spectrometer at ambient temperature. The IH NMR data 
are reported as follows: chemical shifts are reported on the (5 scale in parts per million 
downfield from tetramethylsilane (internal reference); peak multiplicities are indicated as 
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s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublet), m (multiplet) and br 
(broad) and coupling constants (1) are reported in Hertz. The I3C NMR chemical shifts 
are reported in ppm using the carbon signal of the deuterated solvents as the internal 
reference. Mass spectra were obtained on a GC-MS or LC-MS. High pressure liquid 
chromatography (HPLC) was accomplished with C-1S columns on a Hewlett-Packard 
1050 equipped with a variable UV detector or with a Hewlett-Packard HP1090 equipped 
with a photodiode array detector. 
Analytical thin layer chromatography (TLC) was performed on silica gel plates 
(Analtech, Uniplate™ - Silica gel GF) and visualized by UV (254nM) illumination or by 
staining with a ceric sulfate, sulfuric acid and water mixture followed by heating to 
develop stains. Flash chromatography was performed on EM Reagents silica gel 60 (230­
400 mesh). Melting points were determined in glass capillaries using a Thomas-Hoover 
melting point apparatus. 
All reactions were carried out under argon or nitrogen atmosphere in oven-dried 
(135°C) or flame dried glassware with magnetic stirring. 
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2-Phenyl-l,1,1-trifluorobut-3-en-2-o1 (25).44 A 500 mL 3-necked, round bottom flask 
equipped with an addition funnel and cold temperature thermometer under argon 
atmosphere, was charged with 2,2,2-trifluoroacetophenone (10.0 mL, 71.2 mmol) 
followed by dry THF (120 mL). The solution was cooled to 0 °c in an ice-bath and 
vinylmagnesium bromide (90 mL) was slowly added by addition funnel over a fifty-five 
minute period. The reaction temperature was maintained below 5° C during the addition. 
The reaction mixture was maintained at 0° C for an additional 2 hr. then poured into cold 
water (500 mL). Concentrated hydrochloric acid (approximately 25 mL) was added to the 
aqueous mixture to an acidic pH (pH 3). Stirring was continued for 20 min and the 
aqueous mixture extracted Et20 (2 x 100 mL). The combined EhO extracts were washed 
with 200 mL of saturated NaHC03 then with 200 mL of brine and dried over MgS04. The 
solvent was removed under reduced pressure to give a clear yellow oil. Vacuum 
distillation provided a clear colorless liquid. 13.8 g (95.8 % yield), b.p. 86 - 89°C @IO 
mm. IH NMR (300 MHz, CDCh) 0 7.65-7.60 (m, 2H), 7.42-7.26(m, 3H), 6.45 (dd, J 
17.27 Hz, 10.88 Hz, IH), 5.64 (d, J = 17.26 Hz, IH), 5.53 (d, J = 10.86 Hz, IH), 2.56 (s, 
IH). 
I-Trifluoromethylindene (la).44 Methanesulfonic acid (ISO mL) was added to a 500 mL 
round bottom flask equipped with a gas inlet and magnetic stirrer. 2-Phenyl-l, 1,1­
trifluorobut-3-en-2-01 (7.76 g, 38.4 mmol) was then introduced by syringe under a 
nitrogen atmosphere. The resulting amber solution was heated to 45°C in an oil bath for 
10 min then quenched by pouring into 500 mL of cold water. The aqueous mixture was 
extracted with three 100 mL portions of diethylether. The combined ethereal extracts 
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were washed twice with 50 mL portions of saturated NaHC03, H20, then with brine and 
dried over MgS04. The solvent was removed under reduced pressure following filtration 
to give a yellow liquid. Vacuum distillation afforded the desired product as a clear oil. 
3.59 g (51 % yield). Bp 35°C @ 0.5mm Hg. IH NMR (300 MHz, CDCl]) 0 7.56 7.52 
(m, 2H), 7.36 7.24(m, 2H), 6.99 (t, J 2 Hz, IH), 3.52 (d, J 2 Hz, 2H). 
2-Trifluoromethylindene (lb).44 A thick-walled, resealable, Pyrex, glass tube, equipped 
with a stir bar was predried in a 120°C oven and cooled under argon. Dry pyridine(20 
mL) was added and tube was submerged in a cold bath (dry C02/IPA) and cooled to -78 
°C. Trifluoromethyl iodide (9 g) was condensed in the tube followed by the addition of 
indene (2.8 mL, 24 mmol). The tube was sealed with a Teflon plug (the upper end of the 
apparatus containing the Teflon plug was wrapped in aluminum foil to protect the Teflon 
plug from UV damage), allowed to warm to room temperature and placed in a photolysis 
chamber and irradiated for twelve hours with a 450 W Hg lamp. The mixture was stirred 
throughout the reaction time then slowly allowed to cool to room temperature. The dark 
mixture was then poured into a cooled 1 M HCI solution (100 mL). The aqueous mixture 
was extracted with Et20 (3 x 80 mL). The combined ether extracts was washed with 60 
% sodium thiosulfate solution (1 x 80 mL), brine (1 x 80 mL) then dried over anhydrous 
MgS04• The filtrate was concentrated under reduced pressure and purified by 
chromatography (EM silica gel 60; hexane). The 2-trifluoromethylindene was obtained as 
a clear liquid. 1.04 g (24 % yield). lH NMR (300 MHz, CDCh) 0 7.52 (m, 2H), 7.34 (m, 
3H), 3.61 (s, 2H). 
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1-Trifluoromethylindenyl(I,S-cyclooctadiene)iridium (4a).36 To a predried three­
necked round bottom flask equipped with a gas inlet and a cold temperature thermometer 
was added KH (0.240 g, 2.1 mmol, 35 % dispersion in oil) under a nitrogen atmosphere. 
The KH was washed free of oil with dry hexane (3 x 2 mL) then dried under a stream of 
nitrogen gas. Dry THF (10 mL) was then added and the mixture cooled to -30°C (dry 
COiacetonitrile). The I-trifluoromethylindene (0.324 g, 1.8mmol) was then added 
dropwise by syringe. The yellow solution was stirred at -30°C for 30 min and di-~­
chlorobis(TJ4-1,5-cyclooctadiene)diiridium (I) (0.6 g, 0.9mmol) dissolved in dry THF was 
added slowly by syringe. The resulting orange solution was stirred at -30°C for an 
additional 30 min then slowly warmed up to room temperature. The THF was removed 
under reduced pressure. The dark colored residue was diluted with hexane and filtered 
through a short neutral alumina column eluting further with hexane to give a yellow solid 
product. Recrystallization from cold (-10°C) hexane provided pure product as a yellow 
crystalline solid. 0.33 g (39 % yield). IH NMR (300 MHz, CDC h) (57.46 (d, J 7.27 
Hz, IH), 7.32 7.19 (m, 3H), 6.3 (d, J = 2.7 Hz, IH), 5.35 (d, J = 2.7 Hz, IH), 4.09-4.04 
(m, 2H), 3.93-3.85 (m, 2H), 1.81-1.69 (m, 6H), 1.59-1.50 (m, 2H). 
3H-Indene-l-carboxylic acid ethyl ester (19). To a pre-weighed dried three-necked 
round bottom flask equipped with a gas inlet and a cold temperature thermometer, was 
added KH (35 % dispersion in oil) under a nitrogen atmosphere. The KH was washed 
free of oil with dry hexane (3 x 2 mL) then dried under a stream of nitrogen gas. Total 
weight of KH (0.540 g, 12.5 mmol) was determined. Dry diethylether (15 mL) was then 
added and the mixture cooled to -30°C (dry C02/acetonitrile). The 1­
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trifluoromethylindene IE: (0.462 g, 2.5 mmol) dissolved in diethylether was slowly added 
by syringe. The resulting tan mixture was stirred at -30°C for 1 hr and trimethylsilyl 
bromide (0.5 mL, 3.8 mmol) was slowly added by syringe. A white precipitate formed 
during the addition. The mixture was slowly warmed up to 0 °c and stirred for 30 min. 
The resulting pale yellow suspension was quenched by the addition of water (20 mL). 
The layers were separated and the EhO layer dried over anhydrous MgS04. The solvent 
was removed under reduced pressure and the crude oil purified by chromatography (EM 
silica gel 60; hexane) to give the product as a pale yellow oil. IH NMR (300 MHz, 
CDCh) 8 8.06 (d, J = 8.7 Hz, IH), 7.50 (m, 2H), 7.37 (t, J = 8.7 Hz, IH), 7.27, (m, IH), 
4.38 (q, J = 8.7 Hz, 2H), 3.53 (s, 2H), 1.43, t, J = 8.7 Hz, 3H). MS (EI) mlz 188 
E,Z-l-(l-Fluoro-pentylidene)-lH-indene (H & 1.1) A predried three-necked flask was 
charged with I-trifluoromethylindene la (0.126 g, 0.68mmol) and dry THF (10 mL). The 
solution was cooled to -78°C (dry C02/acetone) and n-BuLi (2.5 M in Hexane; 0.45 mL, 
1.36 mmol) was slowly added. The resulting dark mixture was stirred at -78°C for 10 
min and methyliodide (0.17 mL, 2.72 mmol) was slowly added. The mixture was stirred 
for additional 15 min then slowly warmed up to -30°C over a 30 min. period. The 
mixture was quenched by slow addition of water (20 mL) while warming up to room 
temperature. Et20 (15mL) was added and the layers separated. The organic layer was 
dried over anhydrous MgS04 and the volatile solvents removed under reduced pressure. 
The residual oil was diluted with hexane and filtered through a glass wool plug. The 
filtrate was evaporated in-vacuo to give the E and Z isomers as an amber liquid in a 1.8:1 
ratio. IH NMR (300 MHz, CDCh) 87.86 (m, IH), 7.52 (d, J = 8.6 Hz, IH), 7.34 (m, 
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2H), 7.22 (m, 4H), 6.88 (d, J = 6.0 Hz IH), 6.73 (m, 2H), 6.59 (d, J = 6.0 Hz, IH), 2.97 
(t, J = 8.9 Hz, IH), 2.83 (t, J 8.9 Hz, IH), 2.74 (t, J = 8.9 Hz, IH), 2.68 (t, J = 8.9 Hz, 
IH), 1.74 (m, 4H) 1.48 (m, IH), 0.98 (2t, J 8.9 Hz, 6H). MS (EI) m/z 202 
Trimethyl-(2-trifluoromethyl-IH-inden-I-yl)-silane {ll}. A predried 3-neck flask was 
charged with 2-trifluoromethylindene (0.070 g, 0.38mmol) and dry THF (5 mL). The 
solution was cooled to -78°C (dry CO2/acetone) and n-BuLi (2.5M in Hexane; 0.3 mL, 
0.76 mmol) was slowly added. The resulting dark orange mixture was stirred at -78°C 
for 15 min and trimethylsilylbromide (0.2 mL, 1.5 mmol) was slowly added. The mixture 
was stirred for an additional hr (color of solution changed to pale yellow). The mixture 
was quenched by slow addition of water (5 mL) while warming up to room temperature. 
Et20 (5 mL) was added and the layers separated. The organic layer was dried over 
anhydrous MgS04 and solvent removed with a stream of N2. The residual crude oil was 
purified by chromatography (EM silica gel 60; hexane) to give desired product, 44 mg 
(45 % yield). IH NMR (300 MHz, CDCh) b 7.45 (m, 2 H), 7.43 (m, 3 H), 3,73 (s, 1 H), 
0.01 (m, 9 H). 
I-Methyl-2-trifluoromethyl-IH-indene (I8h). A predried three-necked flask was 
charged with 2-trifluoromethylindene Ib (0.361 mg, 1.96 mmol) and dry THF (10 mL). 
The solution was cooled to -78°C (dry C02/acetone) and n-BuLi (2.5M in Hexane; 1.6 
mL, 3.9 mmol) was slowly added. The resulting brown mixture was stirred at -78°C for 
30 min and iodomethane (0.5 mL, 7.85 mmol) was slowly added. The mixture was stirred 
at -78°C for an additional 10 min then warmed up to -30°C. After 20 min the reaction 
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mixture was quenched with MeOH while slowly warming to room temperature. The 
solvents were removed under reduced pressure. The residual oil was washed with hexane 
(3 x 20 mL). The combined hexane washes was evaporated in-vacuo to give the desired 
product. lH NMR (300 MHz, CDCh) & 7.51 - 7.30 (m, 4H), 3.61 (s, 2H), 2.36 (s, 3H). 
MS (EI) m/z 198 
Cyclohex-3-enol (42).73 The compound 1,4-cyclohexanediol (5.0 g, 43.0 mmol) was 
added to a (50 mL) single neck round bottom flask equipped with a short path distillation 
apparatus and heated to a melt (160 DC). Two drops of 60% H2S04 were added and 
heating was continued to 230°C. The distillates were collected providing the product as a 
clear liquid. The liquid was diluted with EtOAc (50 mL) and washed with saturated 
NaHC03 (1 x 50 mL) then with brine (1 x 50 mL) and dried over anhydrous MgS04. The 
solvent was removed under reduced pressure to give the product, 2.73 g (65 % yield). Bp 
160 65°C. lH NMR (300 MHz, CDCb) & 5.68 - 5.55 (m, 2H), 3.99 -3.91 (m, 1H), 
2.42 1.85 (m, 4H), 1.73 - 1.46 (m, 2H). 
Cyclohept-3-enol (43).74 A predried 500 mL round bottom flask was charged with 
cycloheptadiene (5 g, 53 mmol). Dry methylene chloride (60 mL) was added followed by 
Na2C03 (6.8 g, 63.7 mmol). To the stirred mixture was then added CH3C03H (32 % 
aqueous solution, 15 mL) dropwise through an addition funnel. Stirring was continued for 
an additional 2 h and H20 (50 mL) was added. Layers were separated and the methylene 
chloride layer washed successively with aqueous sodium carbonate (50 mL), then brine 
(50 mL) and dried over anhydrous MgS04. The solvent was removed under reduced 
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pressure to give the crude epoxide (5.8 g). Dry diethy I ether (100 mL) was added to a 
predried 500 mL round bottom flask. Lithium aluminum hydride (0.484 g, 12.8mmol) 
was added portionwise and the mixture stirred at room temperature for 4 h. The 
intermediate epoxide (2 g, 18.2 mmol) dissolved in dry Et20 (30 mL) was then slowly 
added by syringe over a 30 min period. The mixture was stirred at reflux for 45 min, 
cooled to room temperature, and quenched by dropwise addition of a saturated aqueous 
NaHC03 (4 mL) solution. The reaction mixture was stirred at room temperature 
overnight and filtered through Celite. The ether filtrate was washed with H20 (1 x100 
mL), brine (1 x 100 mL) and dried over anhydrous MgS04. The solvent was removed 
under reduced pressure to give the desired product as a clear oil, 1.48g, (73% yield). 'H 
NMR (300 MHz, CDCh) (') 5.92 (m, IH), 5.63 (m, IH), 2.72 (m, IH), 2.37 (t, J = 6 Hz, 
2H), 2.13 (m, 3H) 1.65 (m, 3H), 1.40 (m, 1 H). 
Method A. 
General Procedure for the preparation of homoallylic 3-benzyloxycycloalkenes.73 
The base, NaH (60% dispersion in oil) was added to a 100 mL oven dried (135°C) three­
necked round bottom flask equipped with a cold temperature thermometer under 
nitrogen, washed free of oil with dry pentane (3 x 3.0 mL) and dried under a stream of 
nitrogen. Dry DMF (15 mL) was then added by syringe and the flask immersed in an ice 
bath. The 3-cycloalkenol substrate was slowly added over a 30 min period maintaining 
the temperature below 5°C. Stirring was continued for an additional hour and benzyl 
bromide or chloride was added dropwise. After complete addition the mixture was stirred 
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at 0 °c for 40 min then at room temperature for an additional 3 h. Cold water (60 mL) is 
slowly added and the aqueous mixture extracted with diethyl ether (2 x 80 mL). The 
combined ethereal layers were washed with brine and dried over MgS04• The solvent 
was removed under reduced pressure following filtration to give the crude product as a 
pale yellow liquid. Purification by flash chromatography (EM silica gel 50, 2% EtOAc in 
hexane) provided the desired product. 
3-Benzyloxycyclopentene (49). Cyclopent-3-enol (41) (2.0 g, 23.8 mmol) was slowly 
added to NaH (1.1 g, 28.5 mmol) in DMF (15 mL) followed by the dropwise addition of 
benzyl bromide (2.8 mL, 23.8 mmol) as described in Method A. The product was 
obtained as a clear liquid, 2.92 g (71 % yield). 'H NMR (300 MHz, CDCh) 0 7.36 -7.23 
(m, 5H), 5.70 (s, 2H), 4.50 (s, 2H), 4.30 (m, IH), 2.63 2.42 (m, 4H). 
3-Benzyloxycyclohexene (50). Cyclohex-3-enol (42) (1.86 g, 18.9 mmol) was slowly 
added to NaH (0.9 g, 22.5 mmol) in DMF (15 mL) followed by the dropwise addition of 
benzyl bromide (2.7 mL, 22.7mmol) as described in Method A. The product was 
obtained as a clear liquid, 1.52g (93% yield). IH NMR (300 MHz, CDCh) 07.38 7.26 
(m, 5H), 5.68 - 5.57 (m, 2H), 4.60 (s, 2H), 3.67 3.65 (m, IH), 2.38 - 2.36 (m, IH), 2.20 
- 1.96 (m, 4H), 1.69 - 1.56(m, IH). 13C NMR (75MHz, CDCh) 0 139.4, 128.7,127.9 
127.8, 127.3, 124.7, 74.2, 70.3,32.1,28.2,24.5. MS (EI) mlz 188. 
3-(4-Methoxybenzyloxy)cyclohexene (51). Cyclohex-3-enol (42) (2.0 g, 20.4 mmol) 
was slowly added to NaH (1.14 g, 28 mmol) in DMF (15 mL) followed by the dropwise 
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addition of 4-methoxybenzyl bromide (2.7 mL, 20A mmol) as described in Method A. 
The product was obtained as a pale yellow liquid, 3.92 g (88 % yield). IH NMR (300 
MHz, CDCh) 07.30 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 5.64 (m, 2H), 4.53 
(ABq, J 11.5 Hz, 2H), 3.81 (s, 3H), 3.64 (m, IH), 2A2 - 1.96 (m, 5H), 1.66 (m, IH). 
3-Benzyloxycyclobeptene (52). Cyclohept-3-enol (43) (1.15 g, 10.3 mmol) was slowly 
added to NaH (0.54 g, 13.3mmol) in DMF (15 ml) followed by the dropwise addition of 
benzyl bromide (1.2 ml, 10.0 mmol) as described in Method A. The product was isolated 
as a clear liquid, 1.08 g (67 % yield). IH NMR (400 MHz, CDCb) 0 7.33 - 7.24 (m, 5H), 
5.88 (m, IH), 5.65 (m, 1 H), 4.54 (ABq, J 15 Hz, 2H), 3.33 (m, 1 H), 2A5 (m, IH), 2.36 
(m, IH), 2.21 (m, 1 H), 2.12 (m, 2H), 1.74 (m, 2H), 1.37 (m, IH). 
2-Benzyloxy-4-pentene (60). Pent-4-en-2-01 (59) (2.0 g, 23.2 mmol) was slowly added 
to NaH (1.l g, 27.9 mmol) in DMF (15 mL) followed by the dropwise addition of benzyl 
bromide (2.8 mL, 23.5mmol) as described in Method A. The product was isolated as a 
clear oil, 2.68 g (66 % yield). IH NMR (300 MHz, CDCh) 0 7.35 (m, 5H), 5.82 (m, IH), 
5.06 (m, 2H), 4.55 (ABq, J = 11.8 Hz, 2H), 3.59 (sextet, J = 6.1 Hz, IH), 2.38, 2.24 (m, 
2H), 1.21 (d, J = 6.1 Hz, 3H). 
2-Benzyloxycyclopentene (66). Cyclohex-2-enol (65) (0.85 mL, 8.7 mmol) was slowly 
added to NaH (OA2 g, 10.5 mmol) in DMF (10 mL) followed by the dropwise addition of 
benzyl bromide (1.2 mL, 10.0 mmol) as described in Method A. The product was isolated 
as a clear liquid, lAg (86 % yield). IH NMR (300 MHz, CDCh) 0 7.33 (m, 5H), 5.85 (m, 
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2H), 4.59 (ABq, J 11.98 Hz, 2H), 3.96 (m, IH), 1.98 (m, 2H), 1.81 (m, 3H), 1.55 (m, 
IH). 
Method B. 
General procedure for the preparation of homoallylic alkene arnides. 
To a stirred solution of the carboxylic acid substrate in dry THF (I5ml) were added the 
amine, I-hydroxybenzotriazole and 1-(3-dimethylarninopropyl)-3-ethylcarbodiimide 
hydrochloride, respectively. The resulting solution was stirred under argon for 24 hand 
poured into a flask containing a saturated aqueous NaHC03 solution (50 mL). The 
aqueous mixture was extracted with EtOAc (2 x 60 rnL). The combined organic layers 
was washed with brine, dried over anhydrous MgS04, evaporated in vacuo, diluted with 
hexane and filtered to give the desired product as a white solid. 
Cyclopent-3-enecarboxylic acid (naphthalene-l-ylmethyl)-amide (55). The 
compounds 3-cyclopenten-1-carboxylic acid (53a) (0.5 4.5 mmol) , 1­
methylnaphthylarnine (0.65 mL, 4.5 mmol), I-hydroxybenzotriazole (1.21 g, 8.9 mmol) 
and 1-(3-dimethylarninopropyl)-3-ethylcarbodiimide hydrochloride (1.03 g, 5.4 mmol) in 
dry THF (15 mL) were treated as described in Method B to provide the white solid 
product, 1.02g (91 % yield). m.p. 149 -150°C 1H NMR (300 MHz, CDC h) 0 8.00 (d, J = 
6.78 Hz, IH), 7.90 -7.81 (m, 2H), 7.54 (m, 2H), 7.42 (m, 2H), 5.66 (m, 3H), 4.92 (d, J = 
5.33 Hz, 2H), 2.94 (m, 1H), 2.65 (m, 4H). MS (ESI) rn/z 252 (M+). Calculated 251. 
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Cyclohex-3-enecarboxylic acid (naphthalene-l-ylmethyl)-amide (56). The compounds 
3-cyclohexen-l-carboxylic acid (53b) (0.5 mL, 4.28 mmol), I-methylnaphthylamine 
(0.63 mL, 4.28 mmol), 1-hydroxybenzotriazole (1.16 g, 8.56 mmol) and 1-(3­
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.98 g, 5.l3 mmol) in dry 
THF (15 mL) were treated as described in Method B to provide a white solid product, 
L12g (98 % yield). m.p. 140 42°C. lH NMR (300 MHz, CDCh) 8 8.01 (d, J = 7.3 
Hz, IH), 7.87 (d, J 7.1 Hz, IH), 7.82 (m, IH), 7.54, (m, 2H), 7.43 (m, 2H), 5.72 (m, 
IH), 5.67 (s, 2H), 4.91 (m, 2H), 2.35 - 1.58 (m, 7H). 
Cyclohex-3-enyl-pyrrolidin-l-yl-methanone (58). The compounds 3-cyc1ohexen-l­
carboxylic acid (53b) (0.46 mL, 3.96 mmol), pyrrolidine (0.33 mL, 3.96 mmol), 1­
hydroxybenzotriazole (1.07 g, 7.93 mmol) and 1-(3-dimethylaminopropyl)-3­
ethylcarbodiimide hydrochloride (0.91 g, 4.76 mmol) in dry THF (10 mL) were treated as 
described in Method B to provide a white solid product, 0.76 g (98 % yield). m.p. 46 ­
47°C. lH NMR (300 MHz, CDCh) 85.72 (s, 2H), 3.54 - 3.45 (m, 4H), 2.61 - 2.58 (m, 
IH), 2.33 (m,IH), 1.98 1.73 (m, 9H). MS (ESI) mlz 180 (M+). Calculated 179. 
Hex-3-enoic acid (naphthalene-l-ylmethyl)-amide (62). Hex-3-enoic acid (Ql) (0.6 
mL, 3.9 mmol), I-methylnaphthylamine (0.58 mL, 3.9 mmol), I-hydroxybenzotriazole 
(1.0 g, 7.9 mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(0.9 g, 4.7 mmol) in dry THF (10 mL) were treated as described in Method B to provide a 
solid product after recrystallization from Et20, 0.82g (82 % yield). lH NMR (400 MHz, 
CDCh) 8 8.01 - 7.99 (d, J 7.8 Hz, IH), 7.88 (d, J = 7.8 Hz, 1H), 7.82 (m, IH), 7.54 (m, 
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2H), 7.42 (m, 2H), 5.85(broad s, IH), 5.62 (m, IH), 5.52 (m, IH), 4.89 (s, 2H), 2.98 (s, 
2H), 2.01 (m, 2H), 0.93 (t, J 3.98 Hz, 3H). 
Benzo[I,3,2]dioxaborole (Catecholborane) (10).80,81 A pre-dried 100ml round-bottom 
flask sealed with a rubber septum and cooled under nitrogen was charged with 1.5 M 
borane-tetrahydrofuran complex (30 mL, 1.5 M in EtzO). The stirred solution was cooled 
in an ice/salt bath (-10°C) and catechol (5 g, 45 mmol) dissolved in dry THF (20 mL) 
was added slowly through an addition funnel over a 45 min period (hydrogen evolved 
vigorously). After complete addition the solution is stirred at room temperature until no 
more hydrogen evolved (1.5 h). The addition funnel was replaced with a distillation 
apparatus and the THF distilled at room temperature under reduced pressure (60 mm Hg). 
The catecholborane, a clear liquid, was then distilled at 67°C (60 mmHg) [lit. bp 76-77°C 
(100 mm)]. The clear liquid was vacuum transferred and redistilled to give pure product 
(a colorless solid at 0 °C). 
5-tert-Butyl-benzo[I,3,2]dioxaborole (39). The compounds 4-tert-butylcatechol (5 g, 30 
mmol) and 1.5M borane-tetrahydrofuran complex (19 mL, 1.5 M in Et20) were reacted 
using the same procedure as above used to prepare catecholborane (lQ). Distillation 
provided the desired product, 2.3 g (43% yield). b.p. 125°C (55 mmHg). 
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Method C 
General Hydroboration Reaction Procedure 
A 50ml Schlenk flask equipped with a magnetic stirrer was flame dried under vacuum 
then purged with nitrogen. The catalyst, l-CF3IndIrCOD (10 mole %), was added, the 
flask evacuated and purged three times with nitrogen or argon, and dichloromethane (4 
mL) was added. The alkene substrate pre-weighed in a single-neck round-bottom flask, 
was flushed with nitrogen, diluted with dry methylene chloride (1 mL) then added to the 
flask containing the catalyst. The resulting homogeneous pale yellow solution was cooled 
in an ice bath and neat catecholborane (2.5 equivalents) was added at a slow rate (one­
drop every ten seconds). After complete addition the ice bath was removed, the solution 
stirred at R T overnight then subjected to an oxidative workup. 
Important - all reagents and solvent were introduced by syringe under positive nitrogen 
or argon pressure to maintain air-free conditions. 
Oxidative and aqueous workup procedure: 
The amber colored solution resulting from the hydroboration reaction was cooled in an 
ice bath and EtOH, 2M NaOH, and H202 (30 % in H20) were added sequentially 
(approximately 2 mL of each for everyone millimole of substrate). Vigorous reaction 
occurred during the hydrogen peroxide addition. The dark mixture was slowly warmed 
and stirred at room temperature for 3 hours. An additional 1.5 mL of IN NaOH was 
added followed by 50 mL of distilled water. The aqueous mixture was extracted with 
three 50 mL portions of dichloromethane. The combined organic extract was washed 
once with brine and dried over anhydrous MgS04. Filtration followed by removal of 
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volatile solvent provided the crude product that was analyzed by HPLC for selectivity. 
The crude mixture was then purified by column chromatography (EM silica gel 60, 20% 
EtOAC in CH2Cb). 
cis-3-(Benzyloxy)cyclopentanol (49-1) and trans-3-(Benzyloxy)cyclopentanol (49-11). 
The compound 3-benzyloxycyclopentene (49) (0.105 g, 0.58 mmol) was hydroborated 
with catecholborane (0.16 mL, 1.5 mmol) and l-CF3IndlrCOD catalyst 0.028 g, 0.058 
mmol) as described in Method C to provide the cis and trans isomers, 0.112g (97% 
yield). Cis isomer: IH NMR (300 MHz, CDC h) 8 7.33 (m, 5H), 4.50 (s, 2H), 4.28 (m, 
IH), 4.11 (m, IH), 2.49 (broad s, 1H), 2.03, (m, 2H), 1.88 (m, 2H), 1.78 (m, 2H). 13C 
NMR (300MHz, CDCh) 8 138.31, 128.44, 127.61, 80.68, 73.55, 70.73, 41.41, 34.08, 
30.18. 

Trans isomer: lH NMR (300 MHz, CDCb) 87.32 (m, 5H), 4.48 (m, 3H), 4.20 (m, IH), 

2.03 (m, 3H), 1.90 (m, IH), 1.77 (m, IH), 1.56 (m, IH), 1.40 (broad s, IH). 
cis-3-(Benzyloxy)cyclohexanol (50-I). The compound 3-(benzyloxy)cyclohexene (50) 
(0.083 g, 0.44 mmol) was hydroborated with catecholborane (0.12 mL, 1.1 mmol) and 1­
CF3IndIrCOD catalyst (0.025 g, 0.051 mmol) as described in Method C to provide the 
desired cis product, 0.084g (92% yield). 'H NMR (300 MHz, CDCb) 87.35 2.27 (m, 
5H),4.6 4.5 (ABq, J = 11.87Hz, 2H), 3.74 (m, IH), 3.55 (m, IH), 2.58 (broad s, IH), 
2.06 (m, 1 H), 1.9 1.3 (m 8H). 
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cis-3-[4-Methoxybenzyloxy]cyclohexanol (51-I). The compound 3-[4­
Methoxybenzyloxy]cyclohexene (.ll) (0.112 g, 0.51 mmol) was hydroborated with 
catecholborane (0.1 mL, 1.0 mmol) and l-CF3IndlrCOD catalyst (0.023 g, 0.05 mmol) as 
described in Method C to provide the desired cis product as a pale yellow oil, 0.074 g, 
(78 % yield based on recovered starting cyc1ohexene). 1H NMR (400 MHz, CDCh) 
(57.27 (d, J=8.7Hz, 2H), 6.88 (d, J=8.7Hz, 2H), 4.48 (ABq, J 11.4Hz, 2H), 3.81(s, 3H), 
3.75 (m, IH), 3.55 (m, 1H), 2.04 (m, 1H), 1.86 (m, IH), 1.78 1.44 (m, 5H), 1.29 (m, 
IH). 
cis-3-[Benzyloxy]cycloheptanol (52-I). The compound 3-Benzyloxycyc1oheptene (52) 
(0.138 g, 0.68 mmol) was hydroborated with catecholborane (0.18 mL, 1.7 mmol) and 1­
CF3IndIrCOD catalyst (0.033 g, 0.068 mmol) as described in Method C to provide the 
desired product mixture, 0.124 g (83 % yield). IH NMR (400 MHz, CDCh) (5 7.35 (m, 
5H), 4.54 (ABq, J = 11.9 Hz, 2H), 3.89 (m, 1H), 3.67 (m, 1H), 2.15 (m, 1H), 2.04 - 1.66 
(m, 8H), 1.65 - 1.43 (m, 2H). 
4-Benzyloxy-l-pentenol (63). The compound 4-benzyloxy-1-pentene (60) (0.113 g, 0.64 
mmol) was hydroborated with catecholborane (0.17 mL, 1.64 mmol) and 1-CF 3IndIrCOD 
catalyst (0.027 g, 0.056mmol) as described in Method C to provide the product, O.l11g, 
(89 % yield). IH NMR (300 MHz, CDCh) (5 7.33 (m, 5H), 4.62 (d, J = 11.66 Hz, 1H), 
4.47 (d, J 11.65 Hz, 1H), 3.63 (m, 3H), 1.85 (broad s, 1H), 1.66 (m, 4H), 1.23 (d, J 
6.12,3H). 
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3-Hydroxy-[hexanoic acid (naphthalene-l-ylmethyl)] amide (64). Hex-3-enoic acid 
(naphthalene-I-ylmethyl)-amide (62) (0.l66 g, 0.66mmol) was hydroborated with 
catecholborane (0.17mL, 1.64mmol) and l-CF 3IndlrCOD catalyst (0.033 g, 0.068mmol) 
as described in Method C to provide the product, 0.128g (72% yield). IH NMR (400 
MHz, CDCh) 0 7.98 (d, J 8.1 Hz, IH), 7.86 (d, J = 7.65 Hz, IH), 7.81 (m, IH), 6.l4 (s, 
IH), 4.87 (s, 2H), 3.98 (m, IH), 2.36 - 2.20 (m, 2H), 1.46 1.32 (m, 4H), 0.91 - 0.88 (t, 
J = 7.0 Hz, 3H). 13C NMR (lOOMHz, CDCh) 0 172.5, 134.3, 133.7, 131.7, 129.3, 127.2, 
127.1, 126.5, 125.8, 123.8,68.8,42.8,42.0,39.4, 19.1, 14.4. 
cis-3-Hydroxy-cyclopentanecarboxylic acid (naphthalen-l-ylmethyl)-amide (55-I) 
and trans-3-Hydroxy-cyclopentanecarboxylic acid (naphthalen-l-ylmethyl)-amide 
(55-II). Cyclopent-3-enecarboxylic acid (naphthalene-l-ylmethyl)-amide (55) (0.150 g, 
0.60 mmol) was hydroborated with catecholborane (0.16 mL, 1.5 mmol) and 1­
CF3IndIrCOD catalyst (0.029 g, 0.060mmol) as described in Method C to provide a 
mixture of cis and trans isomers, 0.113 g (70% yield). Cis isomer: IH NMR (300 MHz, 
CDCh) 0 8.0 (d, J 7.63 Hz, IH) 7.87, (m, 2H), 7.55 (m, 2H), 7.43 (m, 2H), 6.10 (broad 
s, IH), 4.90 (d, J = 5.37 Hz, 2H), 4.30 (m, IH), 3.40 (broad s, IH), 2.71 (m, IH), 2.03 ­
1.85 (m, 5H), 1.69 (m, IH). Trans isomer: IH NMR (300 MHz, CDCh) 0 8.0 (d, J = 7.63 
Hz, IH) 7.87, (m, 2H), 7.55 (m, 2H), 7.43 (m, 2H), 5.69 (broad s, 1 H), 4.91 (d, J = 5.33 
Hz, 2H), 4.49 (m, lH), 2.81 (m, lH), 2.04 (m, 2H), 1.86 (m, 2H), 1.63 -1.40 (m, 3H). 
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cis-3-[N-(1-Naphthylmethyl)carbamoyl]cyclohexanol (56-I). The compound (+/-)-4­
[N-(lNaphthyl-methyl)carbamoyl]cyclohexene (56) (0.093 g, 0.35 mmol) was 
hydro borated with catecholborane (0.1 mL, 0.94 mmol) and l-CF3IndIrCOD catalyst 
(0.017 g, 0.035 mmol) as described in Method C to provide desired cis product as an off­
white solid, 89 mg (90% yield). M.P. 166 168°C. Recrystallization from MeOHlH20 
furnished clear crystals. IH NMR (400 MHz, CDCh) {5 7.91 (d, J 7.7 Hz, IH), 7.83(d, J 
7.5 Hz, IH), 7.82 (m, IH), 7.50 (m, 2H), 7.36 (m, 2H), 5.68 (broad s, IH), 4.83 (d, J = 
5.3 Hz, 2H), 3.55 (m, IH), 2.l5(m IH), 2.03 (m, IH), 1.88 1.75 (m, 4H), 1.53 - 1.23 
(m, 4H). l3C NMR (lOOMHz, CDCb) {5 172.6,131.9,131.5,129.4,126.8,126.7,124.8, 
124.7, 123.4, 121.5, 118.5,67.3,41.6, 39.9, 35.6, 32.8, 26.7, 20.6.MS mlz (MH+) 284. 
Calculated MS 283. 
cis-3-[N-(1-Naphthylmethyl)carbamoyl]cyclohexanoI (58-I). Cyclohex -3 -enyl­
pyrrolidin-l-yl-methanone (58) (0.080 g, 0.45 mmol) was hydroborated with 
catecholborane (0.12 mL, 1.1 mmol) and 12 mole % of the l-CF3IndIrCOD catalyst (27 
mg, 0.055 mmol) to provide the desired cis product, (0.50 mg, 57 %). lH NMR (400 
MHz, CDCb) {5 3.69 (m, IH), 3.49 (m, 4H), 2.56 (m, IH), 1.95 (m, 3H), 1.87 (m, 4H), 
1.65 (m, 2H), 1.56 (m, IH), 1.38 (m, 2H). l3C NMR (400MHz) {5 173.9,68.6,46.6,45.9, 
40.5,36.4,34.9,27.7,26.2,24.3,21.9. 
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Appendix I 

Figure 1-1 Cis-l,3-(benzyloxy)cyclohexanol (50-I) in CDCl3 
Ha HcHb 
HO 
I !.-' OBn 
Hd ~
Figur 1-2. Trans-l,3-(benzyloxy)cyclohexanol (50_II)25 in CDCl3 
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Figure 1-7. cis-l,3-(benzyloxy)cyclopentanol (49-I) in CDC13. 
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Figure I -9. cis-l,3-(benzyloxy)cyclopentanol (49-1) IH NMR (DMSO-d6). 
Hb 
Ha\ J-OBnR-He 
HO Hd 
Ha Hb 
Ha Hb He 
Figure I -10. trans-l,3-(benzyloxy)cyclopentanol (49-11) IH NMR (DMSO-d6). 
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2157.43 
210t. i5 
2073.24 
1892.35 
1889.571 

1606.43
-C1603.61 
11229.26 1225.42 1220.21 1211.49 1211.95 1\91.50 ~ 1180.59 1117.46 1173.42 1170.23 1165,71 1162.85 1156.46 1061.!!i 
587.11 
J542.71 538.45 534.68 531. 92 530.52 528.61 528.81 525.07 
X ""I"'''''''" ~ ~ .., "'~ .~~ ~ -~'" 
519.14
'-.. 514.76 
I ~ 508.8! 
478.27 
472.57 
467.67 
, 480.19 454.83 451.07 
377 ,67 
293.39 
58.72
--- 3.22 ~ 0.00 
-3.25~ 
-59.54 
~ 
.. i!! 
~~ ~ ,,,. • I f> ;...~ I
:.1.I' o I~ i§ !~ ~~!;=t;;o J~ iii ~o~ S ~;~'f g" ~~N:;;;;;lIi!1l_::: ... ;;,:, 
I J !Il~~ ~ ~ Jt ~~ 
if 
File C:\HPCHEM\1\DATA\MAUD15.D 
, Operator mju 
Acquired 19 Nov 96 8:07 pm using AcqMeth6d 
Instrument GC/MS 
Sample Name: exp 
Misc Info : BuLi, 
Vial Number: 7 
Abundance, TIC: MAUD15.D 
l,6e+07, 
1.4e+07 
1.2e+07 
1e+07 
8000000­
6000000 
4000000 
\ 
\ 
2000000­
O~~~~~~-~~~~r-~~~~~~A.~~~~~I~~~~~~~~~~~-
rrime--> 4,100 6,100 8,100 10 ~ 00 12 ~ 00 14 ~ 00 
undance 
250000 
200000 
150000 
100000 
50000 

Average of 8.143 to 9.662 min.: MAUD15.D (+,*) 
1 0 
202 
133 
0~~~~~~~~~~~~~2~1~8~'-F~~~~~~~~~rT~~~~~~ 

350 450 500/z--> 50 100 150 200 
,.' Bu 
.. 
.,::yF
W+ c6BU I~ ,6 /) 
" 19 20 
Bg& 
KIUIIOS.703 
AU PROG: 
XOO.AU 
OATE 19-U-IIII\. 
SOLVENT CDC13 
SF 300.133 
SV 299.0 
01 lU73.700 
SI 1638.. 
TD 1638 .. 
SI! 602".096 
HZIPT .735 
I.\. PII 0.0 
AD 0.0 
AO 1.360 
AD 32 
HS 16 
IE 297 
FII 7600 
02 3200.000 
OP 63L PD 
LB .100 
G8 .100 
ex 35.00 
cv 20.00 
-~ Fl 9.200PIl'~.' FI! -.79SP HZ/CM BS.743. PPM/eM' .286 
SR 3369.85 
0" 
I 
__\(l_x~ 
I I l' 'I' I r " .I I I I -'-'-1')1' ".--.-.,--. f • ,-.----.,-.-, I 
9.0 B.O 7.0 11.0 S.O ".0 3.0 2.0 , 110 0.0PPM 
·,'·i$ 
lINJE
:.., 
i 
I 
i 
I 
:k~==---
.t< ~::=:::=--..... 

l 
:~ 
j 
III 
C 
FilE C:\HPCHEM\l\DATA\MAUD.D 
Operator MJU 
Acquired 29 Aug 96 8:50 pm using AcqMethod 
Instrument GC/MS 
Sample Name: 13559-C 
"'1isc Info 
fial Number: 14 
undance TIC: MAUD.D 
7000000 
6000000 
5000000 
4000000 
3000000 
2000000 
1000000 
ime--> 4.00 6.00 B.OO 10.00 12.00 14.00 16.00 IB.OO 

undance Scan 350 (7.6B9 min): MAUD.D 
1 5 
1400000 
1200000 
1000000 
BOOOOO 
600000 
IBB 
129 
400000 

200000 

63 89 I 0~~2~,!_3~9-+~~JI..:I~t1'I~J~~~~~'_~11._1+7_0~~_2TO_2",2~3_~T4_5~,2~7_3~~3,0,0'-T3_2~6,3,4~6_
I I I I I I 
/z--> 50 100 150 200 250 300 
I 
File C:\HPCHEM\1\DATA\MAUD418A.D 
Operator 
Acquired 
mju 
10 Apr 97 6:39 pm using AcqMethod ~Si(CH3)3 
Instrument 
Sample Name: 
GC/MS 
26-1 ~CF3 
Misc Info from column 
Vial Number: 11 23 
undance 	 TIC: MAUD418A.D 
3500000 
3000000 
, . 
2500000 
2000000 
1500000 
1000000 
500000 
0 
4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 
Scan 	297 (6.982 min): MAUD418A.D 
1 
undance 
4 
,
,1400000 
1200000 
1000000 
800000 
600000 
400000 73 
200000 
0 
/z--> 20 40 60 80 100 120 140 160 . 180 200 220 240 260 
III 
-
 \ 

o 
I~ 
Z:J)
""" 
..... 
...0 \~ 
-- ~i(CH3)3I,C .. NH~ 
Vl..rCF3 

23 

t i1 ,. 
,--. -,- .- ,- ,-- -I '--1- -,- --I -'-1 
200 190 180 170 160 150 

I , 
140 130 

-1 -,-,-.-- --I --, I , 
120 110 100 90 110 

PPM 
1 
 lb" \ SsgR 

072105.632 
AU PROG: 
X02.AU 
OATE 21-4-97 
SOLVENT COCI3 
SF 75.469 
SV 75.0 
01 6341.094 

SI 65536 

TO 65536 

SI! lBSl8.SI9 

HZ/PT .565 

PI! 0.0 

RO 0.0 

All 1. 769 

RG 200 

NS 4096 

TE 297 

FI! 23200 

02 4S8a.000 

OP ISH 00 
L8 1.000 
GB .100 

cx 35.00 
CV 16.00 
Fl 210.005P 
F2 -4.9B7P 
HZ/CM 463.577 
PPM/eM 6.143 
SR -1405.28 
60 50 

II 

40 30 20 10 o 

~Si(CH3)3 
~CF3 
23 
MAUD 26-1 DEPT 
! ~; 1 
t JJJrr T, .1 
---'-1 I I I I I I I I I I I I I I I I I I I I 
200 190 160 170 160 150 140 130 120 110 100 
PPM 
90 80 70 60 50 40 30 20 10 0 
BggR 

072115.632 
AU PI'IOG: 
X09.AU 
DATE 21-4-97 
SOLVENT COC]3 
SF 15.469 
SY 75.0 
01 6341.094 
SI 65536 
TO 65536 
Sill 1851B.519 
HZ/PT .565 
Pili 0.0 
1'10 0.0 
All 1.769 
I'IG 200 
NS 2046 
TE 297 
Fill 23200 
02 4586.000 
OP 16H 00 
LB 1.000 
GB .100 
CX 35.00 
CY 9.00 
FI 210.00SP 
F2 -4.967P 
HZ/CM 463.571 
PPM/eM 6. 143 
SF! -1404.12 
1600000 
:ile : D:\DATA\LUBA\MU51801.D 
)perator : luba 
~cquired : 18 May 2001 16:36 using AcqMethod LUBA c5
nstrument : GC/MS Ins 
3ample Name: hepten-ol 
~isc Info: 
lial Number: 1 
Abundanec-----------------­ TIC: MU51801.D 
1400000 
i 1200000 
1000000 
600000 

400000 

200000 

0 

:fime-:> 
f.bundance Average of 3.625 to 6.528 min.: MU51801.D 
7 
8.00 9.00 10.00 11.00 12.00 
1400 

57 
 94 
1200 
1 
800 
400 
200 
!nIZ-> 
c5 

43 C\lrr.nt I'MU P.,.pettrt 
NJ.HE PI_....21-201:11 
[.... 30 
OIDCHQ 
ih 
I 
/" 
'. 
'2 .. lcou\UUol'I Par..."',.' 
Ctatl!_
"..IHSJSUI 
PAOIIH'l 
........ 
m 
SCLOVfr 
lIS 
lIS 
.... 
tlA5 
toO 
All 
... 
D£ 
It 
at 
2OO1~f 
9,1)5
_t 
~ _ NuItII'lU 
1930 
:111"" 
ctJCll 
1& 
<I 
6111.8» HZ 
O••8IJl$DM: 
2.1S512S) ser::
.e. 
81,000 URC 
&.50 ""K 
)00.0 It 
1.00000000 Me 
............... ()tlIiIN£l fl······ ..··,.,.·.. 
Ul tM 
PI a.GO usee 
Pli -UO.a 
Sf1)1 JC(I.I3UI5lllt1t 
'2 • A--nCiI!'sSlnt O ....ttr'1 
" :II1lYsr )(10, IJOOQ'] Noll 
.... EM_ 0 
LB 
GIl 
PC 
•. 30 ... 
0 
t.OO 
!,--­ ~ 
10'" .,let ~_t"" 
el ~.OO c. 
F"tP It ,000 .-
Ft 3101.0 HI 
Fif' -0,400.­
'2 ~ti?O.05 HI 
PACIfI 0.32511 .,./e_ 
HlOl 91.~ Hlle_ 
'r 
, 
v­
-
-
~ 
-
\., 
-
~\.....A ~v v.v \~ - I '­
L ...... ,...~... ,......... ,..JL, ........)r:::., ....~C, ....~c::~~L 

ppm 10 9 8 7 6 5 d 3 2 . 1 0 
-o 
CD 
( :z -~~-
w 
I~ 
HZ 
2207.56 
2202.99 
2198.09 
2192 .57 
2190.40 
2166.30 
2163.11 
2162,42 
2179,54 
2177 .69 
2174.96 
2173.27 
2171.05 
2170.67 
I7l6 OJr . 
~1709.6B 
--1701.73 ~16B9.71 
11421.59 1361.79 1359.54 1351.92 
1300'94 
1297.37 
1294.01 
:~~:~ 
1263.73 ~ , 1260.24 
1263.13 
1261.92 
1790.55 766.19 165.61 763.13 774.70 771. 63 767.93 765.06 
755.82 
751.24 
748.05 
744.72 
732.57 
729.14 
726.80 
--.......... 470.66 
' 
3.23
-< 0.00 
3 CD 
ClI OJ 
C IC. _. 
.. 
~ 
~" 
• 
, 
~~n .. ~ S" 
H g g; 
\ 
4.51Ji 4. 4 (J:~: 4.112 4.107 4.09Iil 
I\) 
~ 
~ I~ j)-o
0 
::z:: 
Q 0.( 
" "!: 
6!;:;;~~gi ;JIfillDUtq!l!~ g~~~el
.. 
D 
~ 
! .. ~ .. i 
~ 
~ 
i.:::' .. ; I ! 1 w- I
.lIIij :-:- ;:1:1.ill § lS- ao8o;~i ... Hi~:%i 
;; ill'i$! I ,; ! 3 !ual 
I! 

-138.309 
_128.436 
--121.613 
- 41.411 
- 34.011 
-- 30.111 
~!!:!~ 2!2~~i!!~li!~a~li~~ ~ I.
"" 
i I-.~ I IiU ~ 1 
.. :!~ 
.. 'r~ ~1_ :~fi ~i:j : Il­§ .. ;K;i!. li!il!ii::I::­I;;~ II o~~!I~~.&w~.i_~1 h -~-! 
!al RU~H pi 
I 
\H­
e 
e 
o
... 
r-- 2.3 
2.376 
2.372 
2.367 
2.362 
2.199 
2,186 
2.181 
2.174 
2.150 
2.1«' 
2.132 
2.12l5 
2.114 
2.107 
2.101 
2.Q9011 
2.o8S1 
2.0e2 
2.077 
2.o7t 
2.06! 
2.fl5E 
2.~ 
2.014 
1.* 
1.99C 
1.98; 
1.97! 
1.98; 
1~ 
1.81i111 
1.68­
1.87· 
1.68: 
1.tl3: 
~ 1.551 0.00' ~ 0-0I~ 
Chromatogram 
;8ll\Ple Name maud Sample t: Page 1 of 1 
"ileName C:\TC4\MAUD\0228001A.RAH DIlte : 2/Z9/1l uS:3; PM 
lethod 0804.M1'H Tillie of Injection: 2/28/73 05:11 PM 
l~.ut Tillie 0.00 min End Tillie 20.00 mir, Low Point : 40.29 mV High Point: 115.92 mV 
e Factor: 0.0 Plot Offset: 40 mV Plot Scale: 15.6 mV 
Response [mV] 
-t " 
:i' 
ii)" 
~ 
~o 
~. 
.::... 
~ 
trans-I,4 I 
\' 
", 
-8.15 
)1 
cis-I,3 9.31 
cis-l,4 -10.2C 
trans-I,3 -11.1:; 
-12.U 
~ yo 

o
,..,... 
..... 
-

,­ -, • I 
w­
(,.) 
I\) 
o 
o 
(:) 
N
:... 
0 
~ 
CD 
I~ 
!AJEj~JIF-,.8211.777 1.785 1.751 
.~=--1.7381.724 
1.711 
~ U'97 1.686 1.fIll7 1.881, 
1.644 
1.617 
1.585 
1.575 
1.561 
1.50t6 
1.502 
1.489 
1.481 
( S 115 ~~~ 
o 
::z:: 
6 
6' ~~ 
....
:.. 
I'll 
I'\) 
.. 
~ 
c.JO 
pI 
c.JO 
g
..... 
o p 
co
-
I~ 
7.302 
7.280 
7'­
6.881 
6.879 
6.87<4 
6.867 
2.416 
2.412 
2.374 
2.310 
2.363 
2.315& 
2.1815 
2.191 
2.18<1 
2.1. 
2.171 
2.12C 
2.1U 
2.11: 
2.10: 
2.10'
-;I§::::== 2_2.Q8' 
2JJ7 
2JJ1 
2.08 
2.05 
2.05 
2JJ04 
2.00 
Ulli 
1M 
un 
1.9( 
1•• 
UJ! 
1.111 
1S 
1.81 
1•• 
1.•1..1.e 
1.15 
/0.0 
• 
... Chromatogram 
Sample Name 
FileName 
Method 
-''Irt TiJue 
Jle Factor 
maud 
C:\TC4\MAUD\0329001B.~ 
Oe04.MTH 
0.67 min End Time : 
0.0 Plot Offset: 
20.38 min 
23 mV 
Sample t: 84-0 
Date: 3/29/73 12:10 PM 
Time of Injection: 3/29/73 
Low Point: 22.52 mV 
Plot Scale: 544.1 mV 
11:22 AM 
High POint 566.64 mV 
Response [mV] 
ro 
) 
---l_ 
3'0 
(D 
,......, 
3
::r 
........ 

f',,) 
-1.11 
-1.61 
-3.76 
.
'. 
-7.99 
-9.71 
11.4' 

-12.3:; 

-l» 
-15.21::r=
...., 
-
(1 
en 
(") 
p.. ~ 
} 
OJ G 
2 
e. Q-o 
~ ::r= 0 
r...:l 
0 
-13.01 
__ 
~O 
CO~A 
H3 UOH 
51-1 

\ 
f64 
[4.10 
i

---..00 
!T.85 
0.89 
-0:32 
-0.110.0 0.01 
r- IL-J. ~ , . .JlI.j>---___-­
J - I -,- ,-,---,-- I --. I 1'-' I I- I I I I -1 -.-----r------.
I~' 
8 7 6 5 4 3 2 1 0 PPM 

USER; ~SU - PAm; Mon fr 02 19:47;01 2001 

ISWl; S92~ _ _ _ IOFI: 1894.6 _ _ _ _ _ .. PTSld: 32768 

n
--- --I.... ... ".U~ ---. Ipn· ? --.. INA. -1.__ ' . 1....,.,10- -- T,-. --==-~ -.-IJILBLJl:.·j)0J.10~____L_---lW!rlilllnN::!IlUl1ltSL::-:.iI$P!LC~C4!o.t.:QjOO~_.;:AltIIprO~2-::.tI2...... 
.... 0 C,,"'rent Dati Parallet.::ts~~~~~m~~~~mrereo~~~~~~!m~~~g~~w~~~~~~~~~m~~o~~~~~~~re~~~~~~~~~ 
": ~ HAIl: P2../11!y30-01001~~~~Nm~~MO~m~~~N~~~~~~~~~~.O~~.~~~Nm~~~~~~~~~O~8~~m~~~~~~~~ N'j' EWI'Nl 10m~~~m~~mm~~~~~~~~ro~~~~~~~~~§~~~;aaa~mm~~i~m~~~~~~~~m~~~~~~~ PfIOCI() I 
Va 	 ~/ LL..LL~L..Lb~~ ~~jjjJ 
52 
v	F2 .. Acqu'sit ton P","-etet's Date_ 20010530 
TI.. 1.•2 
IHSTIUI •••ct 
PAQBIoC) 5 _ ,.,,}Unuc: 
I'U.POOG z9lO 
TO 32168 
50.WEHT CIlC I 3 
HS 16 
os 2 
SIIH !l9!I5.2O. III 
HOOfS O. 182959 III 
'0 2. 1329011 se. 
IlG 00.3 
ow 03 .•00 use< 
DE 6.00 usee: 
TE 300.0 K 
01 1.00000000 se • 
•••••••••••• CHlIIEL II ••••••••••••• 
HOC! IH 
PI 6.25 usee 
I'll -1.00 d8 
51'01 .00.20&9001 Mil 
f2 - Processing oftt'autert' 
51 32168 
51' .00.2050163 Iftl 
_ EM 
5se 0 
LO 0.30 III 
G8 0 
PC 1.00 
10 _ olot p.,.uete,.s 
CW 35.00 .a 
flP 11.000 _ 
fl • .a2.~1Il 
F2P -0.000_ 
f2 -160.08 Hz 
PPMCM 0.32511 IIJIII/ca 
HlCM 130.352.0 IIlI.a 
t 	 'l~( l~( ~( ·l(~r--~ )§(oS 
Ii. iii ' i [ iii i • r I iii i J • • I i '·.....-----ro-----.-r----.-.. T-. , 	 • I • 
ppm 109 8 7 6 5 4 3 2 	 0 
---­
1.941 
1.932 
1.922 
1.919 
1.91'" 
1.1107 
1.89E 
1.8M 
US:! 
1.871 
1.87:; 
1.864 
1.as: 
1.G 
1.D! 
1.83' 
::..--- 1.82C 
1.7. 
1.78­
1.77! 
1.7'" 
1.75 
1.74 
1.73 
1.73 
1.72 
1.72 
1.71 
1.71 
1.7(1 
1.7C 
USE 
1.M 
1•• 
un 
1.• 
1.Sf 
1.~ 
1.50 
1.S: 
1.5: 
1.5: 
o 
" 
~I 
I~ 

... 
----5. 
====::::::::= 4. 
4. 
----2._ 
~i5
~2.65: 
2.83 
2.81 ~
. 2.81 
---1.!!! 

Chromatogram 
Sample Name 
FileName 
Method 
Start T1me 
Scale Factor 
lIlaud 
CI\TC4\HAUD\052200lA.raw 
0804 
o.00 min End Time : 30.00 min 
1.0 Plot Offset: -16 mV 
Sample II 77-0 
Date : 5/22/73 05:51 PM 
T1me of Injection: 5/22/73 
Low Point : -16.24 mV 
Plot Scale: 1016.2 mV 
Page 1 of 1 
05:16 PM 
High Point : 1000.00 mV 
Response [mV] 
M 
•., 
-9.78 
-14.1e 
i===================================================-14.7:: 
-15.5E 
-16.21 
-18.54 
-22.11: 
-------._--.... ;.-... 
?' I 
~ 
OR 
Maud 
Clst't"tAt Dlte Pr... tet'l 
IWIE .,23-200t 
£_ 30 
PII()OIIl 
F2 ~ 4tqu111Uon p.,. .tllf" 
DltI_ 20CU~4 
n.. .. ...1 
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 oPfaKJ !l _ MuIUnuc: 
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. . .. . 
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'2 ~ PrDt"I~", p.......t.er.
51 _ 
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LB l.OO HI: 
116 0 
PC t.oIIO 
In till plot ".._ten 
ex 31.00 ea 
FlP m.OOD PINt 
FI 2314!.l2: Hz 
FiP -5.000 .. 
F2' --503.16 HI 
JIfIfCt 6.lSi. ",*,ea 
.acH 63'9.141'3 HZ/t& 
~ 
t .11Uti 	 . , 
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